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The  topic  H  discusses  new  work  on  ferroelastlc  crystals  which  was  initiated 
towards  the  end  of  the  year. 

Highlights  of  the  current  year's  work  have  been: 

(1)  The  development  of  a  refined  shell  model  for  electrostriction  in 
strontium  tltanate  (Appendix  27). 

(2)  The  initiation  of  a  new  phenomenological  approach  to  electrostriction 
and  spontaneous  strains  in  antif erroelectric  crystals  (Appendices  21,  24,  28, 

29,  30). 

(3)  Delineation  of  the  role  of  disorder  in  the  B-site  cation  arrangement 
upon  the  relaxor- ferroelectric  properties  in  lead  scandium  tantalate 
[Pb(Sc^y2^a^^2^°3^  an<*  lea<*  scandium  nlobate  (Pb(SCjy2*®jy2^G3^  (Appendices  31, 
32,  33,  34,  35). 

(4)  A  new  understanding  of  the  role  of  the  Poisson  ratio  of  the  polymer 
phase  in  modifying  the  piezoelectric  properties  of  3:1  connected  PZT  polymer 
composites  which  has  lead  to  the  evolution  of  new  very  high  sensitivity  materials 
for  hydrophase  applications. 

(5)  The  development  of  simple  processing  to  produce  strongly  textured  grain 
oriented  ceramics  from  anisotropic  ferroelectrics  in  the  bismuth  oxide  layer 
structure,  and  in  the  tungsten  bronze  structure  families.  Initial  work  on 

lead  metanlobate  promise  significant  improvement  in  d^  and  d^  without  losing 
the  low  mechanical  quality  factor  which  is  such  a  useful  feature  of  the  conven¬ 
tional  ceramic. 

(6)  The  installation  of  three  major  new  facilities  for  material  processing: 

(a)  A  complete  Crystalox  model  NCOS 3 crystal  growth  and  materials 
preparation  system. 

(b)  A  Mepco  plasma:  flame  spray  equipment  for  ceramic  film  and  coat¬ 
ing  applications. 

(c)  A  Coherent  Radiation  500  Watt  CO2  "everlase"  laser  system  for 
surface  treatment  of  sputtered,  evaporated  CVD  and  plasma  spraved 
ceramic  films. 
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1.0  INTRODUCTION 


This  report  covers  work  which  was  carried  out  over  the  period  from  December 
1,  1979  po  November  30,  1980  in  the  Materials  Research  Laboratory  of  The 
Pennsylvania/State  University  under  ONR  contract  N00014-78-C-0291 .  This  contract 
is  for  a  five  year  program  of  j**Targeted  Basic  Studies  of  Ferroelectric  and 
Ferroelastic  Materials  for  Transducer  Applications.^  The  period  covered  by 
this  report  is  the  third  year  of  operation  of  the  program.  Over  this  past  year 
31  technical  papers  have  been  published  or  submitted  for  publication.  Reprints 
/and  prep...  its  of  these  completed  studies  arc  submitted  as  technical  appendices 
and  form  the  bulk  of  the  present  report,  Since  the  present  work  is  a  logical 
extension  of  studies  initiated  earlier  on  the  contract,  the  technical  appendices 
are  numbered  serially  f ollowiug^'oTi  from  those  in  the  1978-79  report,  i.e., 
articles  20  through  50 .^Th c  report  itself  has  been  kept  to  a  very  brief  nar¬ 
rative  description  of  current  activities,  which  stresses  the  highlights  of 
achievements  in  each  area  of  study,  and  the  basic  interconnections  between  each 
of  the  differin'.  activi. ties  on  the  program. 

For  convenience,  the  headings  used  earlier  are  retained  and  the  work  is 
descr  ibed^jutier__the  following  headings^ 

A.  ^Electros  friction^ 

B.  ^Piezoelectric  Composites^ 

C. ^Grain  Oriented  Ceramics' 

/■  "  *  —  ■  —  •  - - -  - 

D .  ^Crystal  Growth* 

E.  ^Processing  Studies’ 

F.  S»Phenomenological  Theory^ 

G.  ^Ferroelectric  Bicrystals;  Q,  m 


H. ^  Ferroelastics,  “ 

The  topic  H  discusses  new  work  on  ferroelastic  crystals  which  was  initiated 
towards  the  end  of  the  yearX. 

Highlights  of  the  current  gear’s  work  have  been: 

(1)  The  development  of  a  refined  shell  model  for  electrostrict ion  in 

strontium  titanate  (Appendix  27).  \ 

(2)  The  initiation  of  a  new  phenomenological  approach  to  electrostrict ion 
and  spontaneous  strains  in  antiferroeleet\ic  crystals  (Appendices  21,  24,  28, 

29,  30). 


(3)  Delineation  of  the  role  of  disorder  in  the  B-site  cation  arrangement 
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upon  Che  relaxor- ferroelectric  properties  in  lead  scandium  tantalate 

[Pb  (Sc ^2Tai/2^°3 1  an<*  tead  scandium  niobate  [Pb  (Sc^^2N^2/2^°3  ^  (Appendices  31, 

32,  33,  34,  35). 

(4)  A  new  understanding  of  the  role  of  the  Poisson  ratio  of  the  polymer 
phase  in  modifying  the  piezoelectric  properties  of  3:1  connected  PZT  polymer 
composites  which  has  lead  to  the  evolution  of  new  very  high  sensitivity  materials 
for  hydrophase  applications. 

(5)  The  development  of  simple  processing  to  produce  strongly  textured  grain 
oriented  ceramics  from  anisotropic  ferroelectrics  in  the  bismuth  oxide  layer 
structure,  and  in  the  tungsten  bronze  structure  families.  Initial  work  on 

lead  metaniobate  promise  significant  improvement  in  d^  and  d^  without  losing 
the  low  mechanical  quality  factor  which  is  such  a  useful  feature  of  the  conven¬ 
tional  ceramic. 

(6)  The  installation  of  three  major  new  facilities  for  material  processing: 

(a)  A  complete  Crystalox  modelMCGS3  crystal  growth  and  materials 
preparation  system. 

(b)  A  Mepco  plasma:  flame  spray  equipment  for  ceramic  film  and  coat¬ 
ing  applications. 

(c)  A  Coherent  Radiation  500  Watt  C02  "everlase"  laser  system  for 
surface  treatment  of  sputtered,  evaporated  CVD  and  plasma  sprayed 
ceramic  films. 

Based  upon  work  on  the  current  program,  the  following  papers  have  been 
presented  at  National  and  International  Meetings: 


82nd  Annual  Meeting,  American  Ceramic  Society,  Chicago,  April  1980 


1.  N.  Setter  and  L.E.  Cross,  Investigation  of  the  Mechanism  of  Phase 
Transition  in  Ferroelectric  Relaxors. 

2.  K.A.  Klicker,  J.V.  Biggers  and  W.A.  Schulze,  Effect  of  Polymer  Matrix 
on  Hydrostatic  Response  of  PZT-Polymer  Transducers. 

3.  T.R.  Shrout,  K.  Rittenmyer,  W.A.  Schulze  and  J.V.  Biggers,  Simplified 
Fabrication  of  PZT/Polymer  Composites. 

4.  K.  Uchino  and  L.E.  Cross,  Electrostriction :  Measurements  and 
Applications. 

5.  L.J.  Bowen,  T.R.  Shrout  and  J.V.  Biggers,  Inhomogeneous  Densif ication 
During  Sintering  of  PZT  Ceramics. 

5.  D.L.  Hankey,  J.V.  Biggers  and  T.R.  Shrout,  Investigation  of  Processing 
Parameters  on  Reaction  Kinetics  and  Properties  of  PZT  Compacts. 
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K  lec  t  ron  ics  Division ,  American  Ceramic  Society,  Fall  Meet  ing,  San  Francisco, 

October  1980 

7.  L.E.  Cross,  Effects  of  Some  Macro-,  Micro-,  and  Nanostrnetural  Fea¬ 
tures  on  the  Properties  of  Electronic  Ceramics. 

8.  S.  Venkataramani ,  D.  Hankey,  A.  Safari,  L.J.  Bowen,  and  J.V.  Biggers, 
Dens  if ication  in  PET. 

9.  N.  Setter  and  L.E.  Cross,  Subgrain  Ordering  in  Relaxor  Ferroelectrics. 

10.  R.E.  Newnham,  K.A.  Flicker,  S.Y.  Lynn,  A.  Safari,  and  H.  Savakus , 
Ceramic-Polymer  Composites  for  Hydrophones. 

11.  L.J.  Bowen  and  T.R.  Gururaja,  High  Frequency  Properties  of  Ceramic/ 
Polymer  Piezoelectric  Composites. 

12.  L.E.  Cross  and  K.  lichino,  Electrostriction  in  Perovskites. 

13.  S.  Venkataramani,  T.A.  Shrout,  J.V.  Biggers  and  W.A.  Schulze,  Low 
Temperature  Fired  PZT. 

Internation al  Sumin er  Scho o 1  on  Ferroele ctrics  ,  E ri c e_,  JLL c ily,  July  1980 

14.  L.E.  Cross,  General  Introduction  to  Ferroelectricity 

15.  L.E.  Cross,  Dielectrics  and  Electrostriction 

16.  L.E.  Cross,  Piezoelectric  Composites 

Physics  of  Dielectric  Solids,  Canterbury,  UK,  September  1980 

17.  L.E.  Cross,  R.E.  Newnham,  and  S.J.  Jang,  Electrostriction  in  Perovskite 
Crystals . 

18.  R.E.  Newnham,  L.J.  Bowen,  K.A.  Klicker,  and  L.E.  Cross,  Composite 
Paraelectric  Transducers. 

Other 


19.  K.  Uchino,  S.  Nomura,  R.E.  Newnham,  and  L.E.  Cross,  Electrostriction 
in  Perovskite  Crystals  and  its  Appl'  ation  in  Transducers.  Joint 
Soviet:Japan  Seminar  on  Ferroelectrics,  Kyoto,  Japan,  September  1980. 

20.  T.  Gururaja,  R.E.  Newnham,  K.A.  Klicker,  S.Y.  Lynn,  W.A.  Schulze, 

T.R.  Shrout,  and  L.J.  Bowen,  Composite  Piezoelectric  Transducers. 
Ultrasonics  Symposium  IEEE,  Boston,  November  1980. 

21.  R.E.  Newnham  and  A.S.  Bhalla,  Holey  Crystals.  American  Cryst.  Assoc. 
Annual  Meeting,  Calgary,  Canada,  August  1980. 

22.  R.E.  Newnham.  Ferroic  Crystals.  Solid  State  Physics  Meeting,  Warwick 
University,  England,  January  1980. 

Patent  disclosures  were  submitted  upon  the  following  topics: 

PSU  Disclosure  Number  Title  and  Authors 

79-435  A  New  Type  of  Ultrasensitive  AC  Capacitance 

Dilatometer  (L.E.  Cross,  K.  Uchino) 

79-447  A  Single  Step  Hot  Isostatic  Pressing  Process  for 

Powder  Densification  (J.V.  Biggers,  L.  Bowen, 

W.  Schulze) 
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PSU  Disclosure  Number  Title  and  Authors 


79-448 

79-450 


Lead  Germanate  Bonded  PZT  Composite  Piezoelectrics 
(J.V.  Biggers,  L.  Bowen,  W.  Schulze) 

Simplified  Fabrication  of  PZT/Polymer  Composites 
(T.R.  Shrout,  W.A.  Schulze,  J.V.  Biggers) 


80-455  3:1  Connected  PZT-Polyner  Composites  for  Trans¬ 

ducer  Applications  (K.  Flicker,  L.E.  Cross,  R.E. 
Newnham,  J.V.  Biggers) 


80-456 

I 

80-457  | 

! 

80-458 


Continuous  Poling  Technique  for  Piezoelectric 
Fibers  (T.R.  Gururaja,  L.E.  Cross,  R.E.  Newnham, 
L.J.  Bowen) 

Broad  Band  Composite  Transducers  for  Resonant 
Applications  (F.  Flicker,  R.E.  Newnham,  L.E. 

Cross,  L.J.  Bowen) 

Internally  Electroded  Ceramic  Piezoelectric  Trans¬ 
formers  (J.V.  Biggers,  W.  Schulze,  L.  Bowen, 

T.  Shrout) 


80-461 


Pressure  Gauge  Using  Relaxor  Ferroelectrics 
(F.  Uchino,  S.J.  Jang,  L.E.  Cross,  R.E.  Newnham) 


The  following  .students  who  have  been  supported  fully  or  partially  upon  0NR 


funds  graduated  during  the  year. 


Ph.D. 


S.J. 

Jang* 

Electrostrictive  Ceramics  for 
Transducer  Applications 

Solid  State  Science 
November  1979 

A.  H. 

Amin 

Phenomenological  and  Structural 
Studies  of  Lead  Zirconate 

Solid  State  Science 
November  1979 

K.  A. 

Flicker 

Piezoelectric  Composites  with  3:1 
Connectivity  for  Transducer 
Applications 

Solid  State  Science 
May  1980 

D.L. 

Hankey 

Calcination  Reaction  Mechanisms 
and  Finetics  in  Lead  Zirconate 
Titanate  Powder  Compacts 

Solid  State  Science 
May  1980 

N.  Setter 

The  Role  of  Positional  Disorder 
in  Ferroelectric  Relaxors 

Solid  State  Science 
August  1980 

M.S. 

M.  B. 

Holmes 

Grain  Oriented  Ferroelectric 

Ceramics 

Ceramic  Science 
November  1980 

J.F. 

Haur is 

A  Sensitive  Capacitor  D tinto¬ 
meter  for  Electromechanical 

Strain  Measurements 

Solid  State  Science 
November  1979 

*S.J.  Jang  -  Xerox  Research  Award,  1980, 
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1  aoad  to  report  that  the  work  performed  by  l)r.  S..T.  .Tang 

7”i.  PI,'d  in  Solid  State  Science  «.  W  »  independent 

in  support  of  his  lh-D.  ,  f  ulty  at  Penn  State  to 

~  «-*«- — "~;ur?r^  «-  - 

be  one  of  the  .»  »e,t  efiott^  o  ^  ^  ^  Auards  for  ,980. 

S'J-  TV!5  mtt«  Is  hoarded  first  price  in  a  Hnlversity-eide  apeeKins 

Mr.  h.A.  of  the  American  Chemical 

contest  sponsored  b,  the  Central  Pennsylvania  Branch 

Society.  He  spoke  on  piezoelectric  composites. 
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2 . 0  ELECTROSTRICTION 

2. 1  Introduction 

The  experimental  and  phenomenological  studies  of  electrostriction  in 
perovskite  type  crystals  has  been  summarized  in  three  review  articles  (Appendices 
28,  29,  and  30).  These  articles  summarize  work  upon  the  general  interrelations 
of  the  electrostrictive  Q  parameters  to  other  anharmonic  properties  (A20) , 
electrostriction  in  non-polar  perovskites  (A23) ,  some  unusual  inverse  hysteresis 
effects  in  the  lead  magnesium  niobate:lead  titanate  relaxor  f erroelectrics 
(A25),  and  the  initiation  of  a  new  phenomenological  theoretical  approach  to  the 
spontaneous  strain  effects  in  antiferroelectric  perovskites  (A21,  A2A). 

In  the  more  basic  theoretical  work,  analysis  of  inter-relations  to  the 
stress  dependence  of  the  dielectric  permittivity  cast  some  doubt  on  the  hereto¬ 
fore  general  assumption  of  only  weak  temperature  dependence  of  the  polarization 
related  Q  constants,  which  is  supported  by  recent  indirect  measurements  of 
('ijkl  Ba^°3  above  1  ,•  Conflict  with  the  good  agreement  obtained  using 
temperature  independent  constants  to  calculate  spontaneous  strains  below  T^ 
stresses  the  urgent  need  for  better  data  on  the  constants  in  paraelectric 
perovskites . 

Lattice  theories  of  electrostriction  in  the  shell  model  give  a  consistent 
description  of  the  extrapolated  zero  temperature  experimental  data  for  SrTiO^ 

( A 2 7 )  but  in  alkali  halides  where  the  fit  would  be  expected  to  be  better,  the 
disagreement  with  accepted  experimental  values  casts  further  doubt  upon  the 
validity  of  the  present  experimental  numbers  for  Q  constants. 

Work  is  now  progressing  well  upon  a  full  quantum  theoretical  treatment 
for  zero  point  and  thermal  motions  in  the  perovskites. 

Studies  of  the  dielectric  characteristics  in  single  crystals  of  lead 
scandium  niobate  (PSN)  and  lead  scandium  tantalate  (PST)  (A31)  have  progressed 
to  the  point  where  the  role  of  disorder  in  the  Sc:Ta  and  Sc: Nb  cations  upon  the 
diffuse  nature  of  the  phase  change  at  T^  has  been  clearly  established  (A32, 

A33).  Unexpectedly,  disorder  in  PST  does  not  give  rise  to  anomalouslv  low  values 
if  the  electrostrictive  Q  constants  (A3A)  but  does  account  rather  nicely  for 
the  earlier  divergences  in  experimental  measurement  of  the  phase  change  in 
PSN  which  had  not  taken  account  of  possible  differences  occurring  in  the 
cation  order  as  a  result  of  the  different  processing  conditions. 
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2.2  Inst  runic  iit.  at  i  on 

Using  the  new  phase  locked  drift  compensated  AC  dlJatometer,  more  precise1 

values  of  d  coefficients  have  been  obtained  for  a  number  of  crystals,  and  ior 

PVF  ,  polymers  of  different  poling  level.  For  several  systems,  linearity  of 

the  piezoelectric  relations  has  been  checked  down  to  exceedingly  low  strain 

Levels  ('VlO  .  Though  the  proven  AC  sensitivity  is  entirely  adequate,  it  has 

not  vet  proven  possible  to  measure  the  electrostrict ion  parameters  for  alkali 

halides.  We  believe  that  the  problem  may  be  associated  with  the  higher  level 

of  Maxwell  stress  at  the  high  voltage  (field)  levels  which  are  necessary  for 

the  weakly  electrestr ictive  solids.  It  appears  that  these  surface  applied  forces 

may  give  rise  to  inhomogeneous  stresses  which  produce  larger  deformations  which 

2 

again  scale  accurately  with  E*”.  It  is  hoped  that  this  problem  can  be  relieved 
by  improving  the  mode  of  mounting  the  electrostrictive  samples  so  that  bending 
forces  do  not  perturb  the  location  of  the  sensing  patterns. 

Work  is  now  progressing  on  the  design  of  a  simpler  lower  sensitivity  AC 
dilatometer  based  on  the  same  principles  which  would  permit  direct  measurements 
of  d  coefficients  for  crystals  and  ceramics  over  a  wide  temperature  range  to 
supplement  and  check  data  from  the  very  useful  Berlincourt  d^  meter. 

2 . 3  Electrostrictlon  in  Perovskltes 

Studies  have  been  made  of  the  electrostriction  effects  in  a  wide  range  of 
perovskite  type  ferroelectrics  including  Skanavi  type  non-polar  relaxors, 
Smolensky  type  cation  disordered  structures,  crystals  in  which  the  cation 
order  can  be  controlled,  simple  proper  ferroelectrics,  and  antiferroelectric 
systems.  Qualitatively  it  appears  that  the  state  of  ordering  in  the  B  site 
cations  may  play  a  more  important  role  in  determining  both  the  general  level 
of  electrostriction  and  the  temperature  dependence  of  the  paraelectric  polariza¬ 
bility  than  the  nature  of  the  lower  temperature  coupling  whether  it  be  ferro- 
or  antiferroelectric.  It  appears  that  as  a  good  "rule  of  thumb"  the  product 
of  the  Curie  constant  C  and  the  hydrostatic  Q  constant  (Q^  =  +  2Q^)  is 

almost  constant  for  all  perovskites. 

The  fact  that  the  polarizability  (which  is  linearly  related  to  C)  appears 
to  the  second  power  in  eLectrostr ictive  applications  while  Q  is  only  a  linear 
term, suggests  the  clear  practical  advantage  in  the  cation  disordered  perov¬ 
skites  which  has  been  verified  by  studies  in  the  Pb (Mg^y^Nboy^)0^ iPbTiO^  solid 
soLution  family. 
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To  explore  Che  spontaneous  deformations  accompanying  antiferroelectric 
ordering,  the  simple  two  sublattice  Kittel  model  for  the  system  has  been  ex¬ 
tended  to  include  an  effective  electrostrictive  interaction.  It  is  shown  that 
by  including  a  symmetry  permitted  term  to  take  account  of  the  elastic  inter¬ 
action  associated  with  coupling  between  the  two  sub-lattice  polarizations  it  is 
possible  to  account  satisfactorily  for  the  volume  changes  which  occur  in  the 
antiferroelectric  transitions  in  PbZrO^  and  in  Pb (Mg^^w^/2 ^3 ’  anc*  c^us  f°r 
the  pressure  dependence  of  the  transition  behavior  in  these  systems. 

Work  is  now  proceeding  to  extend  the  phenomenology  to  a  full  three  dimen¬ 
sional  analysis,  so  that  both  shape  and  volume  changes  can  be  accounted  for. 


2.4  Theory  of  Electrostriction 

The  objective  of  this  work  is  to  investigate  theoretically  the  magnitude 
and  temperature  variation  of  the  electrostriction  coefficients  of  ionic  crystals 
in  order  to  account  for ,  and  ultimately  predict,  tendencies  in  the  effect  of 
crystal  structure  and  of  the  properties  of  the  constituent  ions.  Progress  dur¬ 
ing  the  previous  year  is  summarized  under  the  following  subject  headings. 


2.4.1  Temperature  dependence  of  electrostriction  of  ferroelectric  crystals 
in  the  paraelectric  phase 

Rigorous  phenomenological  expressions  for  the  temperature  variation  of  the 

electrostriction  coefficients  of  ferroelectric  crystals  in  the  paraelectric 

phase  have  been  derived  from  the  Curie-Weiss  law  pertaining  to  a  stressed  crys- 

2 

tal.  For  the  cubic  prototype  phase  the  coefficients  =  (3  ^kl' ^Pi^j  ^  ’ 

where  n^j  and  P^  denote,  respectively,  the  components  of  the  strain  tensor  and  of 
the  polarization,  depend  linearly  on  temperature,  in  agreement  with  available 
experimental  data.  For  a  second  order  ferroelectric  transition  the  electro¬ 
striction  coefficients  pertaining  to  shear  deformations  vanish  at  the  Curie  tem¬ 
perature  T  .  For  a  uniaxial  ferroelectric  some  components  of  the  electro¬ 
striction  tensor  Q. ..  exhibit  a  linear  temperature  variation,  whereas  for  other 


<ijkl 


.  -2 


components  singular  terms  of  the  form  (T-T  )  and  (T-T^)  occur,  in  satis¬ 
factory  agreement  with  experimental  data.  The  implications  of  these  results  for 
the  common  procedure  of  determining  electrostriction  coefficients  from  the 
spontaneous  polarization  and  strain  in  the  ferroelectric  phase  are  that  the 
underlying  assumption  of  constant  coefficients  in  the  Taylor  expansion  of  the 
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Landau-Devonshire  free  energy,  with  the  exception  of  the  coefficient  pertaining 
to  the  term  quadratic  in  the  polarization,  is  not  fully  justified. 


2.4.2  Lattice  theory  of  the  nonlinear  elastic  dielectric  in  the  shell  model 


Expressions  for  the  first  order  anharmonic  coefficients  in  the  effective 
constitutive  relations  of  the  nonlinear  elastic  dielectric  pertaining  to  a  small 
deformation  and  electric  field  superimposed  on  a  finite  initial  deformation  and 
electric  field  have  been  derived  for  the  static  shell  model  by  means  of  the 
method  of  long  waves.  They  comprise  the  electrostriction ,  nonlinear  dielec¬ 
tric,  elasto-optic ,  and  electro-optic  coefficients  and  the  strain-  and  electric- 
field  derivatives  of  the  piezoelectric  and  second  order  elastic  constants  and 
may  easily  be  generalized  for  any  anharmonic  shell  model  in  which  both  inter¬ 
ionic  and  intra-ionic  anharmonicity  is  included. 


2.4.3  Shell  model  calculation  of  electrostriction  coefficients  of  rocksalt- 


The  electrostriction  constants  and  the  photoelastic  constants  of  rocksalt- 
type  alkali  halides  have  been  calculated  for  a  variety  of  rigid  ion  models  and 
shell  models,  with  and  without  many-body  interactions,  and  with  and  without 
intra-ionic  anharmonicity  included.  For  the  electrostriction  constants  none  of 
the  models  considered  can  account  satisfactorily  for  the  experimental  data  of 
Bohaty  and  HaussUhl,  especially  for  f ^  and  f^.  Moreover,  in  spite  of  the 
inclusion  of  intra-ionic  anharmonicity  the  calculated  electrostriction  constants 
do  not  differ  drastically  from  values  calculated  on  the  basis  of  a  rigid-shell 
model  with  many-body  forces  included,  although  a  perfect  fit  of  the  photoelastic 
constants  can  be  obtained  in  this  case.  One  may  therefore  conclude  (a)  that 
inclusion  of  intra-ionic  anharmonicity,  while  essential  for  the  photoelastic 
constants,  is  only  of  minor  importance  for  the  electrostriction  constants;  (b) 
that  the  effect  of  many-body  forces,  while  apparent  in  the  second  and  third 
order  elastic  constants,  is  only  small  for  the  electrostriction  constants,  at 
least  in  alkali  halides,  and/or  (c)  that  the  experimental  electrostriction  data 
for  the  alkali  halides  could  be  seriously  in  error. 

To  substantiate  conclusion  (b)  we  have  applied  Keating's  model  of  angle 
bending  forces  up  to  third  order  in  the  four  anion-cation-anion  angles  of  the 
rocksalt  structure.  The  results  indicate  that  as  a  result  of  the  crystal  sym¬ 
metry  these  angle  bending  forces  do  not  contribute  to  the  anharmonic  potential 
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energy  in  the  rocksalt  structure.  Thus  the  many-body  forces  present  in  the  rock- 
salt  structure  must  be  of  a  more  general  nature.  Furthermore,  the  role  of 
thermal  effects  on  the  electrostriction  constants  in  alkali  halides  is  unknown. 


2.4.4  Electrostriction,  optic  mode  gammas  and  third  order  elastic  constants 
of  SrTiO^  in  the  shell  model 

Lattice  dynamical  calculations  of  harmonic  and  first  order  anharmonic 
properties  at  the  zone  center  have  been  performed  for  the  perovskite  structure 
on  the  basis  of  a  shell  model.  The  harmonic  part  of  the  model  is  equivalent  to 
Cowley's  model,  with  the  14  parameters  determined  from  zone  center  properties 
only.  Anharmonic  interactions  arising  from  Coulomb  and  short  range  repulsion 
are  included  and  are  characterized  by  three  parameters.  Numerical  applica¬ 
tion  to  SrTiO^  shows  that  the  model  gives  a  consistent  description  of  third 
order  elastic  and  electrostriction  constants,  provided  that  the  higher  than 
first  order  anharmonic  contributions  arising  from  zero  point  and  thermal  motion 
are  eliminated  from  the  experimental  data  by  extrapolation  to  absolute  zero. 


2.5  Ferroelectric  Relaxors 


Studies  have  continued  of  the  order :disorder  of  the  B  site  cations  in  the 
perovskites  Pb  (Sc^^2Ta^/2^°3  an< *  Pb  ‘  t*ie  case  t'ie  tantalate 

the  ordering  process  can  be  studied  straightforwardly  by  x-ray  methods  and  both 
the  fractional  order  and  the  size  of  ordered  domains  established.  For  the  nio- 
bate  the  B  cations  are  too  similar  in  atomic  number  for  such  a  simple  test,  but 
Raman  measurements  on  single  crystals  again  have  established  the  ordering 
phenomenon  and  serve  to  explain  some  of  the  wide  property  differences  reported 
in  this  compound.  For  these  earlier  studies  it  was  evident  that  different 
modes  of  preparation  lead  to  different  degrees  of  order  (in  the  same  chemical 
compound)  and  thus  different  Curie  points  and  degree  of  diffuseness  in 
transition  behavior. 

Possible  utilization  of  the  PST  and  PSN  compositions  in  pyroelectric, 
piezoelectric,  and  electrostrictive  transducers  is  now  under  study. 
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3.0  COMPOSITE  TRANSDUCERS 


3. 1  Introduction 

A  major  program  area  encompasses  the  application  of  ceramic : ceramic,  ceramic 
plastic,  and  ceramic :metal  composites  as  new  materials  for  piezoelectric  trans¬ 
ducers.  Excellent  success  has  been  achieved  in  the  area  of  hydrophone  trans¬ 
ducers  where  the  ceramic : plastic  composites  with  appropriately  tailored  micro¬ 
structures  yield  figures  of  merit  over  100  times  larger  than  the  single  phase 
ceramic.  New  processing  fabrication  and  poling  techniques  have  been  developed 
for  these  composite  systems,  and  work  is  now  proceeding  on  potential  higher 
frequency  applications  which  can  make  special  use  of  the  periodicity  and  the 
viscoelastic  character  of  the  microstructure  and  phase  make-up. 

3.2  Fabrication  Techniques 

Work  has  continued  refining  the  extrusion  and  firing  of  very  fine  PZT  fibers 
for  ceramic : plastic  composite  structures.  A  post-sinter  hot  isostatic  pressing 
(HIP)  process  has  now  been  developed  which  yields  excellent  fiber  characteristics 
down  to  diameters  of  100  p  meters. 

A  new  continuous  poling  process  is  t  ^ing  applied  to  the  fibers  before  fab¬ 
rication  into  the  composite.  Pre-poling  in  this  manner  permits  the  assembling 
of  composites  with  more  than  one  polar  axis  and  with  symmetry  properties  which 
are  not  permitted  in  single  phase  systems. 

Following  work  on  the  replaminef orm  replication  method  a  new  simpler  tech¬ 
nique  has  been  evolved  for  developing  3:3  connected  composites  using  a  loading 
of  micron  sized  plastic  spheres  in  the  PZT  slip  which  burn  out  during  firing  to 
form  a  three  dimensionally  porous  PZT  sponge.  The  sponge  can  be  vacuum  impreg¬ 
nated  with  a  suitable  plastic  to  form  a  polable  rigid  composite  closely  com¬ 
parable  to  the  original  replamineform  material  but  much  less  expensive. 

3. 3  Hydrophone  Materials 

3:1  connected  PZT:epoxy  composites  have  been  developed  which  show  figure 

-12  2 

of  merit  (d^g^  product)  up  to  4,000  x  10  m  /N.  Structures  with  softer 
elastomer  as  the  plastic  component  proved  initially  disappointing.  The  reduced 
sensitivity  was  traced  to  an  effect  of  the  poisson  ratio  which  is  close  to  0.5 
in  these  elastomers.  Modification  of  the  poisson  ratio  was  effected  by  foaming 
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the  plastic  and  by  incorporating  hollow  glass  microspheres  (ekospheres) . 

In  both  families  of  these  new  3:1:0  3-phase  composites  it  has  proved  pos- 

-12  2 

sible  to  achieve  d^g^  products  greater  than  50,000  x  10  m  /N,  more  than  100 

times  larger  than  the  single  phase  PZT. 

In  the  impregnated  PZT  sponge,  transverse  reinforcement  is  provided  by  the 

connected  PZT  so  that  Poisson  ratio  modification  is  unnecessary  and  sensitivi- 
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ties  of  order  d^g^  ^  20,000  x  10  m  /N  can  be  achieved  with  a  solid  silicone 
rubber  second  phase. 

3.4  Higher  Frequency  Applications 

When  the  wavelength  of  the  acoustic  wave  becomes  comparable  to  the  com¬ 
posite  phase  separation  a  new  regime  of  operation  occurs  in  the  composites  and 
averaged  materials  parameters  are  no  longer  adequate  to  describe  the  behavior. 
For  3:1  ceramic : plastic  composites  it  would  appear  that  even  in  the  hard  epoxy 
second  phase  the  acoustic  attenuation  and  reflection  losses  at  interfaces  are 
so  large  that  the  PZT  fibers  behave  to  a  first  approximation  as  isolated 
resonators.  Thus  for  some  broader  band  applications  surface  contour  can  be 
used  to  control  bandwidth.  For  simple  NDE  applications  in  liquid  media, acoustic 
matching  is  much  superior  to  more  dense  PZT  transducers  and  conformal  profiles 
can  be  readily  achieved  by  simple  moulding  techniques. 

So  far  only  the  simplest  configurations  have  been  studied,  but  work  is 
moving  forward  to  explore  more  complex  geometries  for  the  component  phases, 
possible  impedance  transformers  using  tube  and  sheet  structures,  and  elements 
in  which  transmit  and  receive  functions  can  be  separated  in  the  single  ele¬ 
ment. 


3.5  Ceramic :Metal  Composites 

Studies  are  under  way  to  test  the  efficacy  of  implanted  electrode  struc¬ 
tures  made  by  the  conventional  tape  casting  and  cofiring  techniques  widely  used 
in  capacitor  manufacture.  Platinum  electrodes  have  been  incorporated  in  both 
hard  and  soft  PZTs  and  in  several  lead  magnesium  niobate  (PMN)  based  electro- 
strictor  compositions.  Stacked  elements  designed  to  produce  large  displace¬ 
ments  have  been  constructed  for  low  voltages  to  test  the  reproducibility  and 
hysteresis  in  the  strain: field  curves  for  piezoelectric  and  electrostrictive 
formulations . 
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In  general  the  newer  relaxor  based  electrostriction  materials  show 
superior  reproducibility  at  low  frequencies  due,  it  is  believed,  to  the 
absence  of  domain  aging  effects  and  to  their  very  low  thermal  expansion. 
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4.0  GRAIN  ORIENTED  CERAMICS 


A  method  for  producing  grain-oriented  electroceramics  of  the  bismuth 
titanate  family  has  been  developed  which  takes  advantage  of  their  mica-like 
morphology.  Discrete  plate-like  grains  of  the  compounds  were  produced  by  re¬ 
acting  the  oxides  in  a  NaCl-KCl  bath.  Tape  casting  was  used  to  align  the 
grains,  and  subsequent  sintering  resulted  in  a  grain-oriented  ceramic.  Orienta¬ 
tion  was  verified  by  scanning  electron  microscopy,  x-ray  diffraction,  and 
dielectric  measurements.  The  compounds  produced  by  this  method  were  Bi^WO^, 
PbBi^ttt^Og,  and  Bi^Ti^O^-  Investigations  are  now  under  way  to  densify  the 
ceramics. 

Similar  experiments  have  been  performed  on  lead  metaniobate,  Phl^^O^. 

Flat  elongated  crystallites  of  the  ferroelectric  orthorhombic  form  were  pre¬ 
pared  by  the  molten  salt  and  then  tape-cast.  An  orthorhombic  texture  was  ob¬ 
tained  after  sintering  with  the  short  axis  of  the  crystallites  perpendicular  to 
the  tape,  and  the  long  axis  parallel  to  the  casting  direction.  Piezoelectric 
coefficients  of  grain-oriented  PbNb^O^  are  superior  to  those  of  the  randomly 
oriented  ceramics  used  in  hydrophones. 
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5.0  CRYSTAL  GROWTH 

Work  has  continued  over  the  year  on  the  flux  growth  of  the  complex  perov- 
skltes  lead  scandium  niobate  (PSN)  and  lead  scandium  tantalate  (PST)  and  is 
described  in  detail  in  Appendix  31.  Crystals  of  a  size  and  quality  suitable 
for  optical  domain  studies,  dielectric  measurements  and  ferroelectric  switching 
studies  have  been  produced.  Attempts  to  grow  PZT  crystals  at  compositions 
close  to  morphotropy  using  flux  methods  have  proven  exceedingly  difficult  with 
only  very  heavily  strained  small  samples  being  obtained.  This  effort  has  for 
the  present  been  suspended  pending  the  introduction  of  equipment  for  other 
methods. 

During  1980  the  group  was  delighted  to  be  able  to  acquire  a  Crystalox 
Model  MCGS3  Crystal  Growth  and  Material  Preparation  System,  and  to  be  able  to 
have  Dr.  D.  Hukin  from  the  Clarendon  Laboratory  in  Oxford  who  is  the  designer 
of  the  system  spend  a  six-month  sabbatical  working  with  the  system. 

The  MCGS3  is  of  modular  design,  and  the  Penn  State  unit  incorporates  equip¬ 
ment  for  Czochralski,  Bridgeman-Stockbarger ,  floating  zone,  and  horizontal  zone 
melting  methods.  Horizontal  zone  refining  can  be  carried  out  in  conventional 
and  in  cold  boats  with  precisely  controlled  heat  treatment  and  annealing  schedules. 
Operating  environments  are  available  from  vacua  of  10  ^  mbar  to  4  bars  of  inert 
or  active  gases,  at  temperatures  up  to  2,500°C. 

The  30  Kw  Stanelco  Hyforce  RF  generator  unit  is  equipped  for  precise  con¬ 
trol  by  feedback  from  a  temperature  or  a  power  level  sensor  and  incorporates 
a  microprocessor  unit  for  program  control. 

It  is  anticipated  that  the  full  system  will  be  in  operation  early  in  Jan¬ 
uary  1981.  Initial  "proof  testing"  of  the  system  will  be  concerned  with  the 
growth  of  a  number  of  perovskite  halide  compounds  for  electrostrictive  and  fer- 
roelastic  studies,  with  larger  single  crystals  of  the  PSN  and  PST,  and  with  other 
members  of  the  perovskite  and  tunsten  bronze  relaxor  ferroelectric  families. 


_ _ " 


l 


6.0  PROCESSING  STUDIES 

Extensive  studies  of  the  calcination  mechanisms  in  PZT  ceramic  powder 
compacts  were  carried  out  using  the  matrix  flushing  technique  for  x-ray 
diffraction  analysis.  Kinetic  data  obtained  and  the  influences  of  incom¬ 
pletely  reacted  PbO  solid  solution  phase  have  been  carefully  documented  in 
the  dissertation  studies  of  D.  Hrnkey. 

This  work  is  now  being  followed  up  by  a  more  complete  analysis  of  the 
sintering  behavior  of  oxide  powders  calcined  to  different  phase  assemblages. 
The  important  role  of  the  PbO  solid  solution  phase  in  generating  a  preliminary 
dilation  before  proper  shrinkage  has  been  discussed  in  papers  presented  at 
the  American  Ceramic  Society  and  will  form  the  basis  for  the  thesis  work  of 
S.  Venkataramani . 

The  expertise  which  has  heen  fostered  in  the  group  by  continuing  basic 
studies  of  the  PZT  family  materials  has  proved  of  exceptional  value  in  per¬ 
mitting  the  effective  processing  of  materials  for  a  wide  range  of  composite 
structures  and  the  possibility  for  fabricating  limited  batches  of  the  more 
exotic  perovskite  and  bronze  structure  compounds  and  solid  solutions  needed 
for  other  studies  on  the  contract. 

i 
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7.0  PHENOMENOLOGICAL  STUDIES 

Perovskites:  Work  has  continued  to  improve  and  refine  the  elastic  Gibbs 
function  describing  the  PZT  family.  Present  emphasis  is  upon  a  careful 
remeasurement  of  the  heats  of  transition  at  for  a  range  of  organically 
prepared,  carefully  homogenized  pure  PZTs.  Comparison  of  the  measured  and 
calculated  heats  give  a  method  of  checking  the  Curie  Weiss  constant  Cq  which 
will  be  compared  to  VHF  dielectric  data.  A  developing  interest  is  to  explore, 
using  the  known  electrostr ictive  constants,  the  fourth  order  parameters  in 
the  Helmholtz  function  with  particular  reference  to  compositions  close  to  pure 
PbZrO^  which  apparently  show  tricritical  behavior. 
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8.0  FERROELECTRIC  RICRYSTALS 

Work  on  the  lithium  niobate  bicrystals  is  being  continued.  Studies  on 
the  original  samples  bonded  at  1100°C  below  the  Curie  temperature  reveal 
that  inserts  of  opposing  domain  configuration  often  occur  adjacent  to  the 
bonded  'c'  surfaces,  and  higher  magnification  SEM  pictures  reveal  a  measure 
of  secondary  recrystallization  on  the  bonded  surface. 

Present  studies  are  concerned  with  developing  a  suite  of  single  domain 
samples  bonded  with  clean  interfaces  so  that  the  dielectric  and  pyroelectric 
spectra  may  be  related  to  the  orientation  of  the  interface  pairs. 

In  parallel  with  the  single  crystal  work,  preliminary  experiments  are 
being  conducted  to  explore  the  possibility  of  generating  polar  grain  oriented 
ceramics  by  field  orienting  powder  from  LiNbO^  crystal  offcuts  in  an  organic 
liquid,  then  hot-pressing  the  compact  to  densify  at  temperatures  below  T  . 
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9.0  FERROELASTICS 

To  initiate  work  in  the  topic  of  ferroelastics ,  studies  on  two  new 
topics  have  been  begun. 

1.  Data  are  being  compiled  of  the  ferroelastic  Curie  temperature, 
melting  temperature  and  maximum  spontaneous  strain  for  a  wide  range  of  known 
ferroelastic  solids.  We  wish  to  discern  whether  in  ferroelastics  there  are 
relations  similar  to  the  Abrahams: Kurtz  relations  for  ferroelectrics  which 
give  general  formulae  to  relate  P^,  T^ ,  and  the  soft  mode  displacements. 

2.  To  explore  the  possibility  of  using  the  ferroelastic  phase  change 

and  its  associated  twinning  as  a  toughening  mechanism  for  mechanical  properties 
as  with  tetragonal  zirconia,  work  has  been  begun  on  the  mineral  leucite  as 
a  model  material. 

Leucite  K[AlSi^O^]  undergoes  a  phase  change  m3m  F4/m  at  630°C  to  a 
twinned  ferroelastic  form.  At  higher  temperature  the  crystal  has  a  high 
temperature  cubic  zeolite  cage  structure  and  extensive  solid  substitution  is 
possible. 

The  leucite  composition  can  also  be  easily  quenched  to  a  glass,  and  tech¬ 
niques  are  known  for  initiating  and  controlling  the  recrystallization  process. 

We  propose  to  explore  the  ferroelastic  coercivity  in  leucite  crystals, 
the  control  of  twinning  and  phase  transition  temperature  by  elastic  constraints, 
and  the  possibility  of  suppression  of  the  phase  change  in  fine  particle  ceramic 
and  glass  ceramic  samples. 
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10.0  PROGRAM  ORGANIZATION:  PERSONNEL  AND  EQUIPMENT 

10.1  Personnel 

The  people  directly  responsible  for  work  in  this  program  are  summarized 
in  Figure  1.  Major  changes  which  have  occurred  during  the  year  are  indicated 
in  the  boxes  on  the  figure.  We  are  very  pleased  to  report  that  Dr.  V.  Wadhawan 
joined  us  from  the  Clarendon  Laboratory  in  Oxford  to  head  up  work  on  the  ferro- 
elastic  topic  and  that  Dr.  N.  Setter  assumed  primary  responsibility  for  relaxor 
ferroelectric  studies  as  a  postdoctoral  fellow  after  completing  her  PhD  work. 

Dr.  K.  Uchino  returned  to  take  up  his  studies  at  the  Tokyo  Institute  of 
Technology,  Dr.  L.  Bowen  accepted  an  appointment  at  GTE  Waltham,  and  Dr.  A.  Amin 
joined  Texas  Instruments  in  Attleboro,  Mass.  Dr.  B.  Hardiman  is  planning  to 
relocate  in  Europe.  We  are  also  delighted  that  several  students  who  completed 
their  studies  have  obtained  excellent  positions  in  industrial  and  government 
laboratories . 

10.2  Equipment 

Over  the  past  year  major  pieces  of  equipment  have  been  added  for  crystal 
growth  and  preparation.  As  indicated  in  the  crystal  growth  section,  a  Crystalox 
MCGS3  growth  and  preparation  system  has  been  acquired  and  should  be  in  full  opera¬ 
tion  early  in  1981. 

A  Mepco  plasma: flame  spray  device  has  also  been  purchased  on  joint  0NR:Uni- 
versity  funds  and  is  presently  being  installed.  This  equipment  requires  rather 
extensive  sound  insulation  with  a  special  spray  booth  and  baffle  structure. 
Together  with  the  very  high  electric  power  and  cooling  water  requirement,  exten¬ 
sive  refurbishing  of  one  of  the  laboratories  has  been  required  for  these  services. 

A  Coherent  Everlase  500  watt  CO^  laser  has  also  been  installed  and  is  now 
undergoing  preliminary  testing.  Rather  extensive  accessories  in  the  form  of 
specimen  tables,  traverses,  lens  systems  and  other  backup  equipment  are  required 
for  the  fullest  use  of  the  system  and  these  accessories  are  being  built  up  over 
the  next  two  years. 

In  measuring  equipment,  the  frequency  spectrum  for  dielectric  studies  has 
been  dramatically  extended  by  the  acquisition  of  an  HP  Model  4191A  impedance 
analyzer.  This  instrument  sweeps  the  frequency  range  from  1  MHz  to  1,000  MHz 
and  provides  direct  reading  of  both  real  and  imaginary  components  of  sample 
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impedance.  Together  with  existing  present  equipment,  we  are  now  able  to 

-3  +9 

cover  the  range  from  10  to  10  Hz  in  our  dielectric  studies. 

In  surface  characterization  tools  the  Laboratory  has  added  new  equipment 
for  scanning  ion  mass  spectroscopy  and  for  simulated  ion  photon  spectroscopy 
(SIMSrSIPS).  This  unique  equipment  provides  unrivaled  facility  for  identifying 
and  profiling  light  ions  incorporated  in  ceramic  surfaces. 

10.3  Advisory  Committee 

The  third  meeting  for  the  ONR  Advisory  Committee  on  this  program  was 
held  at  Penn  State  on  Wednesday  and  Thursday,  October  8  and  9,  1980.  Partici¬ 
pants  at  the  meeting  were 


A.  Advisory  Committee  Members 

A.  Glass,  Bell  Telephone  Laboratories,  Holmdel  NJ 
H.  Anderson,  University  of  Missouri-Rolla,  Rolle  MO 

W.  Smith,  North  American  Philips  Laboratories,  Briarcliff  Manor  NY 

B.  Auld,  Stanford  University,  Stanford  CA 

W.  Harrison,  Honeywell  Ceramics  Center,  Golden  Valley  MN 

Unable  to  attend: 

B.  Jaffe,  Vernitron  Corporation,  Bedford  OH 

D.  Berlincourt,  Channel  Products,  Chesterland  OH 

B.  Navy  Representatives 

A.  Diness,  ONR  Washington  DC 

R.  Pohanka,  ONR  Washington  DC 
A.  Gilmore,  ONR  Washington  DC 

S.  Meeks,  NRL  Orlando  FL 

D.  Siegel,  ONR  Washington  DC 
P.  Smith,  NRL  Washington  DC 
H.  Savage,  NSW  Silver  Springs  MD 

C.  LeBlanc ,  NURC  New  London  CT 
R.  Woo 1 let t,  NURC  New  London  CT 

C.  Guests 

J.  Deen  Brown,  General  Dynamics,  Groton  CT 

F.  Recny,  Undersea  Electronics  Program  Department,  Syracuse  NY 
R.  Teza,  Undersea  Electronics  Program  Department,  Syracuse  NY 
A.  Streater,  Ocean  Systems,  Nashua  NH 

T.  Gerken,  General  Dynamics,  Groton  CT 

F.  Johnson,  Honeywell,  Seattle  WA 

J.  Dougherty,  Gulton  Industries,  Metuchen  NJ 

D.  Buckner,  Gulton  Industries ,  Fullerton  CA 
M.  Pedinoff,  Hughes  Corporation,  Malibu  CA 

R.  Neurgaonkar,  Rockwell  International,  Thousand  Oaks  CA 

G.  Goodman,  Johnson  Controls,  Milwaukee  WI 
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The  program  of  the  meeting  is  outlined  below. 

WEDNESDAY  8th  OCTOBER  1980 

Room  250,  Materials  Research  Laboratory 

ONR  PROGRAM  REVIEW 


9:00 

R.C.  Pohanka 

Introduction 

9:25 

L.E.  Cross 

Program  Outline 

Objectives  and  Achievements 

10:00 

L.E.  Cross 

ELECTR0STRICTI0N 

N.  Setter 

Experimental  Measurements 

K.  Rittenmyer 

Perovskite  Relaxors,  Applications 

11:00 

G.R.  Barsch 

Theoretical  Work  on  Electro- 

N.  Achar 

striction 

12:00 

LUNCH 

(Room  189  MRL) 

1:00 

New  Equipment 

1:30 

J.V.  Biggers 

PROCESSING 

W.A.  Schulze 

Grain  Oriented  Ceramics 

2:30 

R.E.  Newnham 

PIEZOELECTRIC  COMPOSITES 

T.  Gururaja 

Higher  Frequency  Responses 

3:30 

L.E.  Cross 

New  Starts;  spinoffs 

4:00 

DISCUSSION 

THURSDAY  9th  OCTOBER  1980 

Room  250,  Materials  Research  Laboratory 

9:00  DISCUSSION  (R.C.  Pohanka,  moderator) 

Developing  opportunities  for  technology  transfer 

1.  Hydrophone  composites 

2.  Electrostrlctors 

3.  Grain  oriented  ceramics 

Proceedings  of  this  group  are  reported  separately. 
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Accumulating  data  upon  the  magnitudes  of  the  hydrostatic  electrostriction  constants  £>„  in  a 
wide  range  of  solids  have  been  used  to  demonstrate  several  simple  empirical  relationships  toother 
thermo-clastic  and  dielectric  properties,  i.e.  Qh<x  \/e,  Q„n  oi!,  (7hocyt  where  r  is  the  dielectric 
permittivity,  a  the  coefficient  of  thermal  expansion  and  y ,  the  isothermal  compressibility.  A  very 
simple  Born  model  is  used  to  derive  inter-relationships  between  the  required  properties,  however, 
to  obtain  quantitative  agreement,  the  reverse  power  in  the  repulsion  term  must  bo  unrealistically 
small,  indicating  the  need  for  a  more  realistic  model. 


Electrostriction  is  the  basic  secondary  electro¬ 
mechanical  coupling  effect  which  can  be 
observed  in  every  type  of  non-conducting  solid 
material.  It  is  a  measure  of  the  electric  field  (or 
polarization)  induced  shifts  of  the  atoms  or 
ions  away  from  their  natural  equilibrium 
positions.  The  electrostriction  coefficients  Q 
(or  M  arc  defined  as  coefficients  in  the  relation¬ 
ship  between  electric  polarization  P  (or  field  E) 
and  observed  clastic  strain  Al/I,  in  terms  of 
d///=QP2  (or  ME2).  Clearly,  since  the  strain 
is  a  second  rank  polar  tensor  and  the  E  and  P 
are  polar  vectors,  the  Q  or  M  are  in  general 
fourth  rank  polar  tensors. 

In  a  somewhat  similar  manner,  we  may 
regard  the  thermal  expansion  coefficient  a  and 
the  isothermal  compressibility  as  ‘compli¬ 
ance’  coefficients  defined  by  the  relations  with 
respect  to  temperature  T  and  hydrostatic 
pressure  p,  respectively  (Al/l—otT,  AVjV— 
-XtP) 

It  is  thus  not  unreasonable,  even  for  a  simple 
rigid  ion  model,  to  expect  that  these  ‘compli¬ 
ance’  coefficients  will  be  interrelated.  In  Figs. 
I,  2,  and  3,  plots  of  the  dielectric  permittivity 
e,  the  thermal  expansion  x  and  the  isothermal 
compressibility  yr  respectively,  have  been  made 
against  the  polarization  related  clectrostiiction 
constant  (?h  (  =  £>,,+2(7,2)  for  matciials  of 
isotropic  or  cubic  symmetry. 

The  experimental  data  used  are  from  the 
following  sources. 

I)  Polymer  (PVDF-unoricnted  KYNAR 
7200(1)] 
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Fig.  I.  Dielectric  constant  r  plotted  as  a  function  of 


hydrostatic  clcctrostrictive  coefficient  Qh  for  various 
materials  with  cubic  or  isotropic  symmetry.  The 
straight  line  has  slope  -  1.2. 

£>h,  c:  K.  Uchino,  L.  E.  Cross  and  J.  C. 
Hicks:  to  be  published, 
a:  Kureha  Chemical  Co.  data  sheet. 
XT:  ].  Brandrup  and  E.  H.  Immcrgut: 
Polymer  Handbook  (Intcrscience 
Pub.,  NY,  1966). 

II)  Alkali  Halide  [KBr(2),  KC1(3),  NaBr(4), 
NaCl(5),  NaF(6),  LiF(7)] 

£>h,  e,  o,  Xt  :  J-  Fontanclla,  C.  Andecn  and 
D.  Schuelc:  Phys.  Rev.  B6 
(1972)  582. 

Ill)  MgO  (8) 

Qh:  G.  R.  Barsch:  Private  communica- 
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Fig.  2.  Thermal  expansion  coefficient  a  plotted  as  a 
function  of  hydrostatic  electrostrictive  coefficient  Q, 
for  various  materials.  7  he  straight  line  has  slope  0.5. 
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Fig.  V  Isothermal  compressibility  yT  plotted  as  a 
function  of  hydrostatic  electrostrictive  coefficient  Q„ 
for  various  materials.  The  straight  line  has  slope  0.7. 

tion. 

t::  W.  H.  Gourdin  and  W.  D.  Kingery: 

J.  Mater.  Sci.  14  (1979)  2053. 
a:  B.  Yates'.  Thermal  Expansion 

(Plenum  Press,  London,  1972). 

XT:  K.  Vcdam  and  E.  D.  D.  Schmidt: 

Phys.  Rev.  146  (1966)  548. 

IV)  Glass  (Pyrcx  (9)] 

Qh,  e:  K..  Uchino:  unpublished. 

a:  C.  L.  Man  tell:  Engineering  Mate¬ 
rials  Handbook  (McGraw-Hill, 
N.Y.,  1958). 

Xt:  K-  Vcdam,  E.  D.  D.  Schmidt  and 
R.  Roy:  J.  Am.  Ceram.  Soc.  49 
(1966)  531. 

V)  Simple  Perovskites  [KTaOj(lO), 
SrTiOj(l  l),  KNb03(l2),  PbTi03(13), 

BaTiOj(14)] 

(?h,  c:  Landolt-Bornstein:  (Springcr- 

Verlag,  Berlin,  1979)  Group  III, 
Vol.  II. 


a:  Landolt-lldrnslein:  (Springcr- 

Verlag,  Berlin,  1969)  Group  111, 
Vol.  3. 

XT:  M.  F..  l  ines  and  A.  M.  Glass: 
Principles  and  Applications  of  Fer- 
rochctncs  and  Related  Materials 
(Oxford.  London,  1977). 

VI)  Complex  Perovskites  (Pb(Zn1/3Nbi/3)03 
(.5),  Pb(Mgli3Nb,,3)03(l6)] 

{7h,  c:  S.  Nomura,  J.  Kuwata,  X.  J.  Jang, 
L.  E.  Cross  and  R.  E.  Newnham: 
Mater.  Res.  Bull.  14  (1979)  769. 

K.  Uchino,  S.  Nomura,  L.  E. 
Cross,  S.  J.  Jang  and  R.  E. 
Newnham:  to  be  published  in 
J.  Appl.  Phys.  51  (1980). 
or.  S.  Nomura,  M.  Abe,  E.  Kojima 
and  K.  Uchino:  Jpn.  J.  Appl.  Phys. 
14  (1975)1881. 

S.  J.  Jang,  K..  Uchino,  S.  Nomura 
and  L.  E.  Cross:  to  be  published 
in  Ferroelectrics  (1980). 

/T:  No  reference. 

The  best  fitting  power  curves  for  the  three 
cases  are  described  as  follows: 

e  =  6.3  eh-''2 

(correlation  coefficient  r  =  0.9 1 ),  ( 1 ) 

ct  =  4.2x  1CT5  0"5  (r  =  0.94),  (2) 

XT=4.7  x  10"" 0®'7  (r= 0.89).  (3) 

To  explain  these  power  relations  between  the 
electrostrictive  coefficient  and  other  physical 
properties  we  shall  here  use  the  theory  of 
cohesive  forces  in  ionic  crystals,  which  was 
worked  out  mainly  by  Born."  In  the  interests 
of  simplicity  we  shall  derive  formulae  for  the 
rock-salt  structure  only.  For  the  average 
potential  energy  per  ion  pair,  we  may  now  use 
a  potential  function  involving  an  inverse 
power  type  of  repulsive  energy  of  the  form 


(4) 


where  M  is  the  Madclung  constant,  A  the 
coordination  number  and  b  is  a  potential 
constant.  Expanding  the  potential  function 
around  the  equilibrium  position  (r^_,-nA'6/ 
Mql),  we  obtain  the  form  as  a  function  of 
Ar(=r-r0). 


AU—  U(r)-  (7(r0)=/(dr)2  -g(Ar)\  (5) 
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where  f-(n~-l)Mti2/2rl  and  g  =  (n  +  4)(/i - 

I  )Mq2/6rl 

Using  the  Boltzmann  distribution,  the  aver¬ 
age  equilibrium  separation  at  high  temperatures 
under  an  applied  electric  field,  is  as  follows: 


<Art> 


Ar  exp  ( —  zl  V±!kT)  dAr 


exp  (  —  A  V±/kT)  dAr 


3  cjk 
~4/2 


T±tfE+ 


r 2 

4 f3  ' 


(6) 


where  subscripts  +  denote  the  ion  pairs  in  the 
positive  and  negative  directions  of  the  electric 
field  respectively,  and  AV t  —AU±qF.Ar.  The 
strain  is  therefore  given  by: 


<zlr+>  + <d/  ->  3gk  ^ 

- 2ri - “4P7.r+4/V.£'  (,) 


where  the  first  term  represents  thermal  expan¬ 
sion  and  the  second  term,  electrostriction. 

Using  the  first  law  of  thermodynamics  of 
d (/=  -p  AV.  the  isothermal  compressibility  *T 
becomes : 

i/xT=  -  vtfpidv)  T=  v(e2uiev2)-[.  (8) 


Changing  the  variable  from  V  to  r  and  develop¬ 
ing  the  result  leads  to  the  equation 

XT=l8r$/(/i-l)A/<,2.  (9) 


£  2(n~[)M' 

(12) 

(«  +  4)A  . 

2//(/i-  \  )Nbr°' 

(13) 

18 

n(n-\)Nb°  ■ 

(14) 

Note  that  the  hydrostatic  Qh  is  rel; 

ited  to  the  Q 

described  above  using  the  Poisson 

ratio  a: 

2; 

IT 

C\i 

1 

II 

(15) 

If  we  suppose  that  the  Madelung  constant2’ 
Af  and  the  potential  constant  b  are  relatively 

insensitive  to  materials  and  that  r 

o  is  the  only 

variable,  vve  obtain  the  next  relationships: 

croc  (?"/<”  +  3 

(16) 

It  <*Qi 

(17) 

which  give  reasonable  agreement  with  the 
experimental  eqs.  (2)  and  (3)  for  a  relatively 
small  n(~3-4).  This  result,  however,  is  incon¬ 
sistent  with  the  usually  accepted  n  value 
(~9-ll).3)  Also,  the  result  of  the  almost 
constant  dielectric  constant  written  in  eq.  (12) 
is  consistent  with  the  experimental  dielectric 
data,  especially  for  ferroelectric  materials. 
More  advanced  models  will  clearly  be  desired 
to  explain  the  observed  relationships  con¬ 
sistently. 


by 


Considering  that  the  polarization  P  is  given 


(10) 


the  final  forms  of  the  coefficients  Q,  e,  a  and  jrT 
are  as  follows: 


4(n+4W  3 

Q  nNb  0  ’ 


(U) 
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Elect rostricti vc  terms  have  been  introduced  into  the  Kind  free  energy  expression  by  means 
of  a  fourth-order  cross  term  of  the  two-sublalticc  polarizations,  giving  rise  to  multiple  phase 
transitions.  Schematic  p-T  diagrams  of  the  nonpolar,  polar  and  antipolar  phases  are  classified 
by  the  elcctrostrictive  Q  coefficient.  Spontaneous  strain  curves  arc  derived  for  each  of  the  four 
types  of  phase  diagrams. 


Phenomenological  treatments  of  antiferro- 
elcctrics  have  been  developed  by  several  in¬ 
vestigators.1  " 31  Extended  theories  based  on 
fourth  order  cross  terms  with  two-sublattiee 
polarizations  are  capable  of  characterizing 
antiferroelectric-fcrroelcetric  transitions.4-5’ 
These  treatments  generally  describe  the  electric 
field  dependence  of  the  polarization  states,  but 
not  the  pressure  dependence. 

In  a  preceding  paper.6’  elcctrostrictive  terms 
have  been  introduced  into  the  Kittel  free  energy 
function  foi  antifcrroclectrics.  This  paper 
describes  a  phenomenological  analysis  of 
successive  phase  transitions  under  hydrostatic 
pressure,  treating  the  second-order  phase 
transition  for  mathematical  simplicity.  PbZrOj 
which  exhibits  paraelcctric-ferroclcctric-anti- 
fcrroclectric  phase  transitions,  is  a  possible 
example. 

To  start  with,  elcctrostrictive  terms  are 
introduced  into  Kind's  free  energy  expression 
for  a  linear  ferro-  or  antiferroelectric  crystal: 

C,  -  +  />;)+  ^/l(P4  +  P44) 

+  '|fV,»+C(/,ft  Pl)PJ\ 

-^TpJ  v<nrl  +  rl  +  2armrep.  (i) 


(P0-  Pi,)ls/2,  and  using  simple  mathematical 
procedures  leads  to  three  types  of  stable  states 
for  zero  electric  field  (E^O).  Each  can  give 
rise  to  minima  in  free  energy  in  the  PF  —  PA 
plane.  Detailed  calculations  have  been  de¬ 
veloped  in  our  previous  paper  including  p  and 
{  terms.7’ 

1  Nonpolar;  Pf  =  0.  PK- 0 


To(p)  =  T0~  2QC'(\  l  Q)p 

(2) 

\!'k-{T—  T0(p))!C 

(3) 

(dK/K)„=-ZTp 

(4) 

r-  1  z 

C„=-2*t  P 

(5) 

II  Polar;  P2f  =  -2{T  -  rt(p))/C(/?  +  40, 

PA=0 

7c(p)-  7\  ~2QC(\  my, 

(6) 

l/r.p=-2(r-7V(/>)VC 

(7) 

(M'lv)p=~xir  +  Q(\+n)pj: 

(8) 

0>  -  IxrP2-  \cr-  Tdr)Yic\HA0 

(9) 


111  Antipolar;  /’,  0.  P{  =  -  2(T-  ZN(/ ))/ 

C(/l  40 


Here,  P „  and  Pb  denote  the  two-suhlattice 
polarizations,  p  hydrostatic  pressure,  y,  com¬ 
pressibility.  while  Q  and  12  are  elcctrostrictive 
coellieients.  The  Pj/’,  and  (P*  +  P^)  terms  are 
omitted  for  simplicity.  Introducing  the  Cross 
transformation2’  /’,  ^  (Pm  +  P,) \ 2  and  PA  = 


r4r)~T„-2(>(v-<>)r  (io) 


l/r.= 


2(/C I  2C)! 

(•(/;- 4; ) 


IP 

21/1  +  20 


Pulp) 


(P-K) 
2(/l  +  20 


(III 
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(Ay/ K)„  =  - XiP  +  Q(I  - tl)Pl  (12) 

G.=  -  \xtP2~  \{T-  Ts(p))2IC2<f-4i) 

(13) 

Here,  l/e  is  the  reciprocal  permittivity,  (dPyK) 
the  bulk  strain,  G  the  minimum  energy,  and  C 
the  Curic-Weiss  constant.  T0.  Tc  and  rN  are 
related  to  the  free  energy  cocllicicnts  as  follows: 


<x  +  ii  =  (T-T0)IC=(T-Tc)/C,  (14) 
a-,,  =  (T-TN)/C.  (15) 


If  rj< 0  and  C>0,  successive  paraelectric- 
ferroelcctric-antiferroelectric  phase  transitions 
occur,  and  the  paraelcctric-ferroclectric  transi¬ 
tion  temperature  is  given  by  eq.  (6).  The 
ferroelectric-antifcrroelectric  transition  temper¬ 
ature  T,(p)  can  be  calculated  from  the  condi¬ 
tion  Gp  =  Ga  (see  eqs.  (9)  and  (13)),  as 


t,{  r)  =  ( 7'c + rN)  -  >,Ck  -2oni  +  Qk)P, 

(16) 

where 


If  »; > 0  and  C<0,  paraelectric-antiferroclec- 
tric-ferroelectric  transitions  occur,  and  the 
upper  and  lower  transition  temperatures  are 
given  by  eqs.  (10)  and  (16),  respectively. 

Assuming  that  a  phase  transition  takes  place 
at  the  point  where  two  minima  of  the  free 
energies  are  equally  deep,  a  phase  diagram  of 
the  three  states  (nonpolar,  polar  and  antipolar 
states)  can  be  calculated  in  the  pressure- 
temperature  plane.  The  hysteresis  during  a 
temperature  or  a  pressure  cycle  cannot  be 
predicted  under  this  assumption.  Considering 
the  variation  of  the  transition  temperatures 


A>n>l 


IX) 


0  0.5  1 


0  0.5  1 


p  0-aar) 


p  (kbar) 


c)-i<n<o  d>  n<-i 


Fig.  I.  Phase  diagrams  for  0  and  {;•<),  (a)  1?>  1,  (b)  I,  (c)  l*-<?  0,  and 

(d)ft-.  -1. 
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with  hydrostatic  pressure  represented  bv  cqs. 
(2),  (6),  (10)  and  (16),  schematic  phase  diagrams 
are  classified  into  four  categories  by  the  eleetro- 
strictive  Q  coefficient.  Figures  1(a)  (d)  illustrate 
these  four  types  in  the  case  of  t]  <  0  and  C>0, 
calculated  for  Q>  I,  0<f><  I,  -  I  <Q<0,  and 
G<-|,  respectively.  Based  on  the  data  for 
PbZrOj,  the  parameters  used  in  the  calculation 
were  selected  as  follows:  7'c  =  505  (K);  Q  --  2  x 
10  2  (m4  C ' 2);  C’=  1.6  x  I05  CodCCm-1  V"'); 

»/  =  —  1 . 5 x  I06  (mVC *);  k=-3  (or  (//?  = 
0.15);  (2  =  1.8, 0.7,  -0.7,  and  —  1.8  for  Figs,  (a), 
(b),  (c),  and  (d),  respectively. 

If  Q>0,  a  triple  point  between  paraelectric, 
ferroelectric,  and  antiferroelectric  phases  exists 
in  the  pressure-temperature  plane.  The  critical 
pressure  p°  and  temperature  T ’  are  then  given 
by 

p°  =  —  t\/2QQ,  (18) 

T°=Tc  +  rjC(l+Q)/(2.  (19) 

Samara  reported  the  pressure  and  tempera¬ 
ture  dependence  of  phase  transitions  of 
PbZrOj,8’  and  suggested  a  phase  diagram 
similar  to  Fig.  1(a).  The  ferroelectric  phase  is 
“squeezed  out”  at  pressures  below  1  kbar,  and 
only  the  paraelectric-antiferroelectric  transition 
is  observed  at  higher  pressures. 

Spontaneous  strains  (volume  changes)  are 
also  derived  from  eqs.  (4),  (8)  and  (12),  without 
considering  thermal  strain.  Figures  2(a)-(d) 
show  spontaneous  volume  changes  at  pressure 
p  =  0  kbar,  plotted  as  a  function  of  temperature. 
Calculations  arc  made  for  four  types  of  phase 
diagrams  using  the  value  of  /?  =  2xl09(m5 
VC'1),  selected  to  give  a  reasonable  tempera¬ 
ture  change  of  the  spontaneous  strain. 

Precise  thermal  expansion  measurements  of 
PbZrO,  ceramics  by  Tennery9’  and  Goul- 
peau10'  have  shown  that  discontinuous  volume 
changes  of  t-(0. 12  to  0. 16°„)  and  —(0.5  to 
0.6°o)  occur  at  the  paraclectric-ferrocleetric 
and  ferroclectric-antiferroelectric  transitions, 
respectively,  f  igure  2(a)  shows  a  similarity  to 
the  experimental  results,  although  the  absolute 
values  of  spontaneous  strains  are  different, 
probably  because  of  the  second-order  transi¬ 
tion  treatment  neglecting  the  term  (P9  +  FjJ). 

In  conclusion,  the  clcctrostrictivc  terms  in¬ 
troduced  into  the  Kittcl  free  energy  expression 
with  a  fourth-order  cross  term  of  two-sublattice 
polarizations,  can  explain  qualitatively  the 

(1978)  1 302. 

6)  K.  Ucliino.  L.  F  Cross.  R.  F.  Ncwnham  amt 

S  Nomura:  J  Appl.  Phys.  to  he  published. 

7)  K.  Ucliino  and  S.  Nomura:  Jpn.  J  Appl.  Rhys. 

18(1979)  1493. 


Fig.  2.  Spontaneous  volume  changes  at  pressure  p 
0  kbar,  calculated  for  0  and  £'. -0 ,  (a)  .0  1.  (b) 

0-  (?<1.  (c)  -  I-.J2  -.0,  and  (d)  Q<  -I. 

spontaneous  strains  associated  with  the  suc¬ 
cessive  paraelectric- ferroelectric-anti  ferroelec¬ 
tric  phase  transitions  of  PbZr03.  The  phase 
diagram  of  nonpolar,  polar  and  antipolar 
states  in  the  pressure-temperature  plane  may 
also  be  reasonably  understood.  Further  de¬ 
velopment  of  the  theory  to  include  first-order 
transitions  is  clearly  required  to  obtain  quan¬ 
titative  comparisons  with  the  experimental 
results.  Precise  measurements  of  the  hydro¬ 
static  pressure  dependence  of  phase  transitions 
are  also  needed  for  other  materials  with  multiple 
phase  transitions  (for  example,  Pb(Co,;2Wt/2) 
03  and  Pb(Ni1/2W,  ,2)Oj  with  paraeleciric- 
antiferroelectric-ferroclectric  phase  transi¬ 
tions7,  ,n). 
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The  elastic  constants  of  the  cation  disordcicd  perovskites  PbfMg,  i N b ■  _i ,  Pb(7.n u jNbJ/3) 
Oj  and  (K,,4Hi,,4)(Zn,.tNb.,.)0,  have  been  mea'ined  by  the  ultrasonic  pulse  superposition 
method,  and  the  thermal  expansion  of  (K,  .Hi ,  , R/n ,,„N!i.,„lOJ  has  been  determined  from 
300  K  to  800  K  by  X-ray  powder  diHraciion.  Both  the  elastic  stillness  and  the  thermal  expansion 
coefficients  of  cation  disordered  perovskites  are  somew  hat  smaller  than  those  of  simple  perov- 
skitcs.  Consistent  with  previously  reported  elcctrostrictive  and  dielectric  pro  [sorties,  the  results 
can  be  explained  by  an  intuitive  ion  "rattling”  space  model. 


In  earlier  papers  on  electrostriction  in  ferro- 
electrics,1 " 51  antiferroeleetrics,*  and  non  polar 
perovskite  crystals,61  we  have  shown  that  the 
magnitude  of  the  polarization  related  electro- 
slriction  coefficient  Q  is  insensitive  to  ferro- 
electricity,  antiferroelectricity,  or  lion-polar 
behavior,  but  depends  markedly  on  the  degree 
of  order  in  the  cation  arrangement.  The  Q 
values  tend  to  increase  with  increasing  order, 
from  disordered,  through  simple  and  then 
ordered  perovskite  crystals.  To  explain  the 
relationship  between  elcctrostrictive  Q  coe¬ 
fficient  and  cation  order,  we  have  proposed  an 
intuitive  crystallographic  model.  Figures  1(a) 
and  (b)  show  the  ordered  and  disordered 
structures  for  an  AfBi^Bn^jOj  perovskite 
crystal.  Assuming  a  rigid  ion  model,  a  large 
“rattling"  space  is  expected  for  the  smaller  B 
ions  in  the  disordered  structure  because  the 
larger  B  tons  prop  open  the  lattice  framework. 
Much  less  “rattling"  space  is  expected  in  the 
ordered  arrangement  where  neighboring  atoms 
collapse  systematically  around  the  small  B  ions. 
When  an  electric  field  is  applied  to  a  disordered 
perovskite.  the  I!  ion  with  large  rattling  space 
can  shift  easily  without  distorting  the  oxygen 
framework.  Smaller  strain  is  expected  for  unit 
magnitude  of  polarization,  resulting  in  low 
electrostriction  coefficients.  On  the  other  hand, 

*K.  Uchino,  1.  I',  Cross,  R.  I  Ncwnham  and  S  No- 
rruira:  unpublished. 
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in  ordered  perovskites  with  very  small  rattling 
space,  larger  elcetrostiiction  coefficients  are 
expected. 

Based  on  the  “ion  rattling  space”  model, 
disordered  perovskites  should  also  have  smaller 
clastic  stillness  coefficients  and  smaller  thermal 
expansion  coefficients  than  simple  or  ordered 
perovskites  A  disordered  perovskite  crystal 
with  large  rattling  space  may  easily  be  com- 
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pressed  when  pressure  is  applied,  and  the  ther¬ 
mal  strain  at  elevated  temperatures  may  be 
cancelled  by  internal  rearrangements  in  the 
rattling  space. 

In  this  paper  we  present  experimental  data 
regarding  the  elastic  constants  and  thermal 
expansion  coefficients  of  disordered  perovskite 
ferroelcctrics  Pb(Mg1/3Nb2/3)03  and  Pb(Zn1/3 
Nb2,3)03  and  the  non  polar  dielectric  (K3/4 
Bi  ,/4)(Zn1/6Nb5/6)03.  The  results  are  compared 
with  data  for  simple  perovskites  in  support  of 
the  “rattling  space”  model. 

Single  crystals  of  Pb(Mg1/3Nb2/3)03,  Pb 
(Zn|/3Nb2/3)03  and  (K3/4Bi,/4)(Zn|/6Nb5/6)03 
were  grown  by  a  flux  technique.7'81 

Thermal  expansion  data  were  reported  in 
previous  papers,2,9’  for  Pb(Mgl/3Nb2/3)03  and 
Pb(Zn1/3Nb2;3)03.  An  analytical  formula  has 
been  developed  for  thermal  expansion  in 
disordered  perovskites  which  exhibit  diffuse 
phase  transitions.10'  The  model  assumes  that  a 
disordered  crystal  is  composed  of  microregions, 
each  with  a  different  local  Curie  temperature 
0C,  and  an  unbroadened  microstrain  given  by 

d///=a,  +  b,(T-  0C)  +  Ci(T-  0C)2  (1) 


where  /  —  1  corresponds  to  the  ferroelectric 
phase  and  i—2  corresponds  to  the  paraelectric 
phase.  The  distribution  function  for  the  local 
Curie  point  is  represented  by 


/(0c)  =  exp 


(0s~Tc)2' 

2  a1  J* 


(2) 


where  Tc  is  the  mean  value  of  local  Curie  tem¬ 
perature,  and  a  is  the  standard  deviation.  The 
average  value  of  the  microstrain  d///  gives  the 
measurable  macrostrain  AL/L  which  may  be 
calculated  from 


dL/t  =  j  ”  (Al/l)f(Oc)  dOcj^f(Oc)  (3) 


From  the  linear  thermal  expansion  c(AL/L)ldT 
as  a  function  of  temperature  measured  in  the 
dominantly  paraelectric  region  above  the  Curie 
maximum,  the  linear  thermal  expansion  coe¬ 
fficient  appropriate  for  the  individual  micro 
region  may  be  derived  by  curve  fitting.  The 
linear  thermal  expansion  coefficient  a  for  the 
individual  micro  region  ( dAI/l/DT )  for  Pb 
(Mg1/3Nb2(3)03  and  Pb(Zn1/3Nb2/3)03  listed 
in  Table  I  are  clearly  significantly  smaller  than 
the  a  coefficients  for  normal  simple  ferroelectric 
perovskites. 

The  lattice  parameter  of  a  cubic  non-potar 
(K.3/4BiI/4)(Zn1/6Nb5/6)03  crystals  was  deter¬ 
mined  by  the  X-ray  powder  diffraction  at  sev¬ 
eral  temperatures  between  300  K  and  800  K. 
The  results  are  shown  in  Fig.  2.  An  almost 
linear  relation  between  the  lattice  parameter 
and  temperature  was  obtained,  yielding  a 
thermal  expansion  coefficient  of  7.9  (±0.3)x 
I0‘6  K.-1,  comparable  to  the  smallest  values  in 
simple  perovskites.  In  summary  then  it  would 
appear  that  for  disordered  relaxor  ferroelectrics 
at  temperatures  near  the  relaxation  range  tx  is 
significantly  smaller  than  in  simple  perovskites, 
and  that  this  lowering  of  a  also  appears  in  the 
non-polar  relaxors  with  disordered  cation 


Fig.  2.  Lattice  constant  of  (Kj,4Bi1,4)(Zn1/0Nb5;6K>j 
plotted  as  a  function  of  temperature. 


Tab.e  1.  Electros! rict ion  coefficients,  linear  thermal  expansion  coefficients  and  elastic  constants 
for  several  disordered  and  simple  perovskite-type  crystals. 


Order  1  MV 

Disordered 

Substance 

<?s 

(x  I0-J  m4C  s) 

0.60” 

0.66” 

0.55-1.  !5‘» 

(>  10-“  K") 

1  1 

(G  Pa) 

r44 

(GPa) 

PbtMgr/jNbj/ilOj 

l*bt/nI,1Nb.„)03 

i/4  Hi  i/4X^nt/6Nbj/t,)Oj 

4” 

j,0,,o> 

7.9  (700  K) 

131  (RT) 

172  (RT; 

76  (RT) 

56  (RT) 

69  (RT) 

Bui  iOj 

2,0'” 

12(423  K)1” 

255  (423  K)"' 

108  (423  K) 

Simple 

SrTiO, 

4.7'” 

II  (350  K)1” 

316  (RTF'” 

123  (RT)'*' 

KTaOj 

5  2,4> 

7  (375  K)'7' 

431  (RT)'4' 

10*1  (RT)14' 

1.400 
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arrangements. 

Perovskite  crystals  in  the  cubic  paraelectric 
phase  belong  to  crystal  class  mfm  with  three 
independent  elastic  constants  cu,  c12,  and  c4i. 
Llastic  constants  of  three  disordered  perovs- 
kites  have  been  measured  by  the  ultrasonic 
pulse  superposition  method.1"  X-cut  and  AC- 
cut  quart/  transducers  with  a  fundamental 
frequency  of  20  MHz  were  bonded  with  Nonaq 
stopcock  grease  to  the  crystal  surface  and  used 
to  generate  longitudinal  and  shear  waves, 
respectively.  The  transit  time  of  an  ultrasonic 
wave  between  a  pair  of  parallel  faces  of  the 
sample  was  measured  at  room  temperature. 
Using  the  velocity  r  calculated  from  the  sample 
thickness  and  measured  transit  time,  the  elastic 
constant  is  expressed  as 

<'  =  />i'2  (4) 

where  f<  is  the  density  of  the  crystal. 

The  results  for  Pb(Mg1(JNb,  ,)Oj>  Pb(Zn,/3 
Nb:  ,)0,  and  (K.,  4Ui, ,4)(Zn,  „Nbs.6)0j  are 
summarized  in  fable  I.  l:or  Pb(/.n,  ,Nb2  ,)Oj, 
we  have  neglected  the  crystal  distortion  and  the 
piezoelectric  stiffening  effect  in  the  ferroelectric 
phase  at  room  temperature.  Certain  stiffness 
coefficients  could  not  be  measured  because  of 
limitations  on  the  crystal  si/e.  The  error  asso¬ 
ciated  with  the  stillness  values  is  ±I5"„.  The 
elastic  constants  in  disordered  perovskites 
appear  to  be  significantly  smaller  than  in  simple 
perovskites.  It  should  be  noted,  however,  that 
lead-containing  crystals  generally  have  some¬ 
what  smaller  elastic  constants  than  normal 
oxide  crystals. 

In  conclusion,  the  predictions  based  on  the 
intuitive  "rattling"  space  mod'  I.  that  "both  the 
elastic  stiffnesses  and  the  th.imal  expansion 
coefficient  in  cation  disordered  perovskites  are 


generally  smaller  than  in  simple  or  ordered 
perovskites"  is  confirmed  experimentally.  Fur¬ 
ther  elastic  constant  measurements  on  ordered 
perovskites  are  clearly  desirable,  as  well  as 
measurements  of  the  elastic  constants  of  dis¬ 
ordered  perovskites  across  the  dilfuse  transition 
range. 
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Abstract 

Polarization-related  electrostrictive  coefficients  Q,  have  been 

h 

determined  for  relaxation  dielectrics  0.  SSbSrTiO^-O.  lAAB^y^TiO^  and 

(Zn^y^Nb^^) 0^ ,  and  for  a  simple  non-polar  perovskite  BaZrO^ 
by  measuring  the  hydrostatic  pressure  dependence  of  the  dielectric 
permittivity.  Anomalous  variation  in  the  electrostrictive  coefficient 
with  temperature  and  frequency  were  observed  in  (K^y^Bi^y^)  (Zn-^^Nb,. 
in  the  relaxation  temperature  region.  This  behavior  can  be  explained 
qualitatively  with  the  simple  model  based  on  the  potential  barriers  separa¬ 
ting  alternative  cation  sites.  The  empirical  rule  noted  previously  for 
ferroelectric  perovskites  that  the  electrostrictive  Q  coefficient  increases 


with  cation  order  from  disordered,  through  simple  and  then  order  perov¬ 


skites  is  confirmed  again  in  non-polar  perovskites. 


INTRODUCTION 

In  earlier  papers  on  the  electrostriction  in  ferroeluctrics  [L'chino 
et  al.  1980a;  Nomura  et  al.  1979,  1980;  Cross  et  al.  1980;  Jang  et  al. 

1980]  and  antiferroelectric  perovskite  crystals  [Uchino  et  al.  1980b],  we 
have  suggested  that  the  magnitude  of  the  polarization-related  electro- 
strictive  coefficient  Q  is  not  affected  strongly  by  ferro-  or  antiferro- 
electricity,  but  depends  markedly  on  the  degree  of  order  in  the  cation 
arrangement.  The  Q  value  tends  to  increase  with  order  from  disordered, 
through  simple  and  then  ordered  perovskite  crystals. 

In  this  paper  this  empirical  rule  is  explored  for  non-polar  perov- 
skites.  The  hydrostatic  values  are  determined  by  measuring  the  hydro¬ 
static  pressure  dependence  of  the  electric  permittivity  in  two  disordered 
relaxor  dielectrics  0. 856SrTiO3~0. 144Bi2/,3Ti03  and  (K^Bi^)  (Zn^Nb,. /6)  C>3, 
and  in  the  simple  non-polar  perovskite  BaZrO^.  The  empirical  rule  is 
obeyed  in  these  non-polar  perovskites,  and  explained  in  terms  of  a  simple 
rigid-ion  model  for  disordered  perovskites. 


EXPERIMENTAL  RESULTS 
Sample  Preparation 

Single  crystals  of  the  SrTiO^-B^ y^TiO^  solid  solution  were  prepared 
by  a  flux  technique  using  KF  [Cross  1962].  The  composition  determined  by 
chemical  analysis  was  0. 856SrTiO^-0. 144Bi2 /^TiO^ .  The  relative  permittivity 
at  room  temperature  is  about  1450  at  10  kHz  ,  and  on  cooling  passes 
through  a  maximum  at  temperatures  between  -140°C  and  -60°C,  depending 
on  frequency. 
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Single  crystals  of  (K^^Bi^/^)  ^ 3^ / 5^^ 5 / fj ^3  werc  prepared  using 
excess  0  as  a  flux  [Nomura  and  Kojina  1973].  The  permittivity  maxima 
occur  in  the  temperature,  range  of  0°C  to  80°C,  and  the  relative  permittivity 
at  room  temperature  is  440  at  10  kHz. 

Polycrystalline  ceramics  of  BaXrO^  were  prepared  by  solid  state 
reaction.  The  dielectric  constant  at  room  temperature  is  about  31  at  10  kHz, 
with  no  observable  dispersion. 

P ressnre  Dependence  of  Permittivity 

The  polarization  related  electrostrictive  coefficients  of  a  cubic 
perovskite  type  crystal  are  defined  by  the  equations, 

Sn  "  ( Iff!)  <» 

and 

<312  *  1/2  (  )  •  (2) 

where  xi  and  xz  are  the  longitudinal  and  transverse  induced  strains, 
respectively.  By  using  a  Maxwell  relation,  eqs.  (1)  and  (2)  are  transformed 
as  follows: 


Q 


11 


-1/2  ( 


32Ei  n 
3Xj3Pi  ' 


(3) 


and 


Q12  =  - 1/2  (- 


32E, 


3X2  DP  1 


These  equations  indicate  that 
obtained  by  measuring  stress 


the  electrostrictive  coefficients  can  be 
X  dependence  of  the  reciprocal  susceptibility 


I 


A 


X.  When  a  hydrostatic  pressure  p  is  applied  to  a  paraelectric  crystal, 
the  pressure  dependence  of  the  reciprocal  susceptibility  x  is  represented 
by 


3p 


(5) 


where  Qh  “  Q11  +  2Q12‘ 

The  effect  of  hydrostatic  pressure  on  the  electric  permittivity  was 
investigated  up  to  5  kbar  for  rectangular  specimens  with  gold-sputtered 
electrodes-  Capacitance  was  measured  with  an  automatic  capacitance  bridge 
(Hewlett-Packard,  4270A)  in  the  frequency  range  from  1  kHz  to  1  MHz,  and 
with  a  Q  bridge  (Boonton,  Model  35A)  from  300  kHz  to  5  MHz.  Hydrostatic 
pressure  was  generated  by  an  air-driven  intensifier  pump  (Pressure  Products 
Industries),  with  plexol  as  the  pressure  medium.  The  value  of  pressure 
was  monitored  by  a  Heise  gauge  with  the  accuracy  of  ±5  bar.  Using  a  simple 
cryostat  temperature  was  varied  from  -40°C  to  AO'C,  as  monitored  with 
an  A-C  thermocouple  set  inside  the  cell. 

Figures  1(a)  and  2(a)  show  the  relative  capacitance  change  of  0.856 
SrTiO^-O.  lAAB^^TiO^  and  (f^^Bi^/^)  (Zn^^Nb^y^) O3,  respectively,  measured 
at  room  temperature  as  a  function  of  hydrostatic  pressure.  For  O.SSbSrTiO^- 
0. 144Bi2^2^J -0-j»  t'ic  slope  of  the  capacitance  versus  pressure  curve  does 
not  depend  significantly  on  frequency,  but  in  (K^^Bi.^)  (Zn^^Nb,.  ^>0^  a 
rapid  decrease  in  slope  is  observed  with  increasing  frequency.  From  the 
values  of  the  slope  and  from  eq.  (5),  electrostrictive  coefficients 
arc  calculated  as  a  function  of  frequency  [Figs.  1(b)  and  2(b)].  The 
compressibility  [Beattie  and  Samara  1971]  is  such  that  the  very  snail 
change  of  dimension  under  pressure  has  negligible  effect  on  the  capacitance 


5 


change,  and  finite  strain  corrections  have  been  neglected.  The  electro- 

strictive  eoe  f  f  i  c  ient  of  0 . 856SrTiO^-0 . 1 6  A  Ii  i  ^  Ti  0^  is  almost  frequency- 

-2  4  -2 

independent  and  is  about  1.3  x  10  m  C  ,  several  times  smaller  than 

typical  values  for  simple  perovskites  (Table  I).  On  the  other  hand,  the 

Q()  value  of  (K^^Bi  (Zn^^Nb^^)O^  varies  markedly  with  frequency  in 

the  range  between  10"*  and  10^  Hz,  from  Q(  v  1.2  x  10  ^  at  low 

-2  4  -2 

frequencies  to  a,  0.5  x  10  m  C  at  high  frequencies.  It  is  very 
suggestive  that  this  frequency  range  corresponds  exactly  with  the  frequency 
at  which  the  permittivity  versus  temperature  curve  shows  a  maximum  at 
room  temperature. 

Skanavi  et  al.  [1958]  proposed  a  model  for  SrTi °3-Bi2/3Ti°3  solid 

solutions  in  which  A  site  cation  vacancies  are  produced  by  the  substitu- 
34-  2+ 

tion  of  two  Bi  ions  for  three  Sr  ions.  The  presence  of  A  site  lattice 

vacancies  leads  to  a  shift  of  the  equilibrium  positions  of  the  oxygen 

ions  and  consequently  creates  several  local  minima  in  the  potential  energy 
4+ 

of  Ti  ions  in  the  distorted  octahedral  sites.  A  similar  situation 
arises  in  (K^^Bi.^^)  (Zn^/gNb,. where  ions  of  different  chemical 
valencies  are  randomly  distributed  on  the  B  sites,  as  well  as  on  the  A 
sites  of  perovskite  lattice  [Nomura  and  Kojima  1973].  Dielectric 
relaxation  arises  from  thermal  hopping  over  the  potential  barriers 
separating  these  alternative  sites.  At  low  temperatures  (or  high  frequencies) 
the  B  ion  is  assumed  to  be  trapped  in  one  local  potential  minimum  and 
with  increasing  temperature  (or  decreasing  frequency) ,  hopping  between 
minima  commences.  This  situation  resembles  a  ferroelectric  order-disorder 


transition,  but  the  ions  do  not  have  cooperative  interaction  between  each 
other  in  the  long  range  even  below  the  "freezing-in"  temperature. 


f> 


Different  electrostrictive  coefficients  may,  therefore,  be  expected  for 

the  "trapped"  and  "untrapped"  states,  since  the  effective  anharmonicity 

of  the  ionic  thermal  vibration  can  be  different  for  each  state  [Uchino  and 

Cross  1980].  This  probably  explains  the  electrostrictive  data  for  (K^^Bi^^) 

(Zn^^Nb^y^)O^  shown  in  Fig.  2(a).  Frequency  dependence  of  the  value 

in  0. 856SrTiO^-0.  lAAB^y^3^  expected  if  measurements  are  made  in  the 

relaxation  temperature  range  of  -140°C  to  -60°C. 

The  temperature  dependence  of  the  permittivity  at  1  kHz  in  (K^^Bi^.^ ) 

(Zn^^Nb^^)O^  at  0  kbar  and  3.5  kbar  is  shown  in  Fig.  3.  A  shift  of  the 

permittivity  peak  toward  lower  temperatures  is  observed  with  increasing 

pressure  at  a  rate  of  about  1.3°C/kbar,  much  smaller  than  the  usual  value 

of  -(3T  /3p)  in  ferroelectric  perovskites  ('u5°C/kbar) .  The  frequency 
c 

dependence  of  the  electrostrictive  coefficient  of  (K^^Bi^  w )  (Zn^^Nb^^)  0^ 
at  -32°C  is  also  given  in  Fig.  2(b).  The  changes  can  be  explained  by  the 
simple  potential  barrier  model  just  described. 

In  the  case  of  BaZrO^,  no  variation  in  the  electrostrictive  coeffi¬ 
cient  with  temperature  or  frequency  are  observed,  and  the  value  of 
-2  4  -2 

about  2.3  x  10  m  C  is  almost  the  same  as  the  coefficients  for  simple 


ferro-  or  antiferroelectric  perovskites. 


DISCUSSION 

Electrostrictive  coefficients  (=Q  ^  +  2Q^?)  for  3  number  of 
oxide  perovskites  are  summarized  in  Table  I.  The  magnitude  of  the  electro¬ 
strictive  coefficient  is  not  affected  strongly  by  ferroelectricity ,  anti- 
fcrroclcctricity ,  or  non-polar  behavior,  but  is  very  dependent  on  the 
degree  of  order  in  the  cation  arrangement.  The  empirical  rule  suggested 


for  ferroelectric  perovskites  that  tlie  electro.strict  ive  Q  coefficient 


increases  with  cation  order  from  disordered,  through  simple  and  then 

ordered  perovskites  is  reconfirmed  in  non-polar  perovskites. 

3+  2+ 

Thc  substitution  of  Bi  for  Sr  causes  a  remarkable  decrease  in 

-2  4  -2 

the  elect rostrict ive  coefficient:  from  Q,  n,  5.0  x  10  m  C  in  SrTiCL  to 

h  3 

Q.  t  1.3  x  10  ^m^C  ^  in  0. 856Sr'fi0o-0. 144Bi~  („TiO~.  The  results  of  the 
h  3  2/3  3 

electrostriction  measurements  in  other  solid  solution  systems  I’b  (Mg^^XT^ ^3)  0.> 

[Jang  et  al.  1980]  and  Pb(Mg3y3Nb0  /3)0  3-Pb(Mg1/2W1/2)03  [Nomura  et  al.  1980] 

are  also  very  suggestive.  In  both  systems,  the  small  Q,  value  of 

Pb(Mg^3Nb9/3)03  increases  with  increasing  PbTi03  or  Pb  (Mg^^W,  ^)  O3 

content.  A  larger  rate  of  increase  was  observed  for  the  Pb  (Mg^^Nb.^)  03~ 

Pb(Ng3y2w1/2^  °3  system  than  for  the  PbCMg^^Nb,,^)  03-PbTi03  system  because 

of  the  tendency  of  Mg  and  W  ions  to  order. 

An  intuitive  crystallographic  model  explaining  the  relationship 

between  electrostrictive  Q  coefficient  and  cation  order  will  now  be 

described.  Figures  4(a)  and  (b)  show  the  ordered  and  disordered  structures 

for  an  A(B  B  )0_  perovskite  crystal.  Assuming  a  rigid  ion  model, 
il/2  lll/2  J 


a  large  "rattling"  space  is  expected  for  the  smaller  B  ions  in  the  disordered 
structure  because  the  larger  B  ions  prop  open  the  lattice  framework.  Much 
less  "rattling"  space  is  expected  in  the  ordered  arrangement  where 
neighboring  atoms  collapse  systematically  around  the  small  B  ions.  The 
densely-packed  structure  of  B  ions  in  the  ordered  perovskite  as  shown  in 
Fig.  4(b)  has  been  observed  for  0. 9Pb(Mg3^.,V.,3y2)03-0.  lPb (Mg^yjNb,,^)  03  by 
Amin  et  al.  [1980].  When  an  electric  field  is  applied  to  a  disordered 
perovskite,  the  B  ion  with  large  rattling  space  can  shift  easily  without 
distorting  the  oxygen  framework.  Smaller  strain  is  expected  for  unit 


-PbTiP 
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the  B  ions  cannot  move  easily  without  distorting  the  octahedron.  A  larger 
electrostrictive  coefficient  Q  is  expected. 
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FIGURE  CAPTIONS 


Fig.  1(a)  Capacitance  change  as  a  function  of  hydrostatic  pressure 

measured  in  0.  BSbSrTiO^-O.  lAAB^^TiO^  at  room  temperature, 
(b)  Electrostrictive  coefficient  as  a  function  of  frequency 
measured  at  room  temperature. 

Fig.  2(a)  Capacitance  change  as  a  function  of  hydrostatic  pressure 

measured  in  (K^^Bi^^)  (Zn^^Nb^^) 0^  at  room  temperature, 
(b)  Electrostrictive  coefficient  as  a  function  of  frequency 
measured  at  23.4°C  and  -32.0°C. 

Fig.  3  Temperature  dependence  of  the  permittivity  (at  1  kHz)  in 

(K^^Bij^)  (Zn^.^Nb^^O^  at  0  kbar  and  3.5  kbar. 

Fig.  4  Crystal  structure  models  of  the  A(B  B  T  )0,  type 

il/2  iil/2  J 

perovskite:  (a)  ordered  structure  with  a  small  rattling 

space  and  (b)  disordered  structure  with  a  large  rattling 


space. 
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ABSTRACT 

Electrostr ict ive  terms  have  been  introduced  into  the  simple  Kittel 
free  energy  function  for  antiferroelectrics.  An  additional  coefficient  ft 
is  found  to  be  required  to  take  account  of  the  interaction  with  the  sub¬ 
lattice  polarizations,  and  Q  and  ft  values  have  been  calculated  from  experi¬ 
mental  data  for  typical  antiferroelectric  pcrovskites  PbZrO^  and 
Pb(Mg^^2'^/2^°3‘  Consideration  of  several  ferro-  and  antiferroelectric 
perovskites  suggests  that  the  magnitude  of  Q  is  not  affected  strongly  by 
ferro-or  antiferroelectricity ,  but  that  it  does  depend  quite  strongly  upon 
any  disorder  in  the  cation  arrangement.  An  empirical  rule  that  the  product 
of  the  electrostrictive  Q  coefficient  and  the  Curie  Weiss  Constant  C  is 
almost  the  same  for  all  ferro-and  antiferroelectric  perovskites  is  proposed 

(0  *C  =  3.1  ±  0.4  x  10  m  C  k) .  A  very  simple  'rattling  ion'  moden  is  shown 
h 


to  give  a  simple  intuitive  explanation  of  the  observed  results. 
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1.  INTRODUCTION 

In  earlier  papers  concerned  with  the  electrostrictive  effects  in 
III  (2  l') 

Pb(Mg^^Nb2^2)03  an d  Pb(Zn^y2‘^2/3^3  *  ^as  keen  sh°wn  that  the 

polarization  related  electrostrictive  coefficient  Q  in  these  relaxor  type 
ferroelectrics  are  almost  an  order  of  magnitude  smaller  than  in  most 

’normal1  simple  ferroelectric  perovskites.  On  the  other  hand,  the  Curie- 

(4) 

Weiss  constants  C  in  these  relaxor  crystals  are  several  times  larger 
and  consequently  the  products  QC  are  almost  the  same  for  both  relaxor  and 
normal  materials  (see  Table  II). 

In  this  paper  the  QC  product  is  explored  for  several  antif erroelectric 
perovskites.  The  phenomenological  relations  defining  the  Q  constants  are 
developed,  and  values  for  the  constants  derived  from  known  experimental 
data  on  PbZrO^  (a  simple  perovskite)  and  on  Pb(Mg.^2Wiy2^03  ^an  ordere(i 
antiferroelectric  perovskite) .  The  constancy  of  the  QC  product  is  esta¬ 
blished,  and  finally,  a  very  simple  intuitive  ’rattling  ion’  model  presented 
which  explains  qualitatively  the  observed  behaviour  . 

2.  THE  PHENOMENOLOGICAL  ANALYSIS  OF  ELECTROSTRICTION  IN  ANTI FERROELECTRICS 

The  two-sublattice  model  as  a  phenomenological  description  of  anti- 
ferroelectricity  was  first  introduced  by  Kittel^  and  has  been  subsequently 
developed  by  many  other  authors^  Treatments  of  the  elasto-electric 

interactions  such  as  those  by  Devonshire^^  and  Kay^^  have  been  largely 
confined  to  simple  proper  ferroelectrics,  with  few  attempts  to  explore  the 
clasto-dielectr ic  correlations  in  antiferroelectrics.  Very  recently, 
Fujimoto  and  Yasuda  report  a  preliminary  phenomenological  attempt  to 

(12) 

correlate  behaviour  of  antiferroelectrics  under  hydrostatic  pressure 
but  their  treatment  is  unable  to  explain  either  the  pressure  dependence  of 
the  nut  i terroeleeL rie  Neel  temperature  or  the  pressure  dependence  of 
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the  Curie -Weiss  temperature  T  observed  in  simple  perovskite  antif er roelec- 
trics  I’bZr03,  Pbllf 03  (17). 

We  believe  that  this  inadequacy  is  due  to  their  neglect  of  the 
coupling  term  ft  developed  in  the  following  analysis. 

2.1  Free  Energy  Expression 

By  analogy  to  the  phenomenological  description  of  two-dimensional 

improper  ferroelectr ics  (these  studies  are  reviewed  in  texts  such  as  those 
v  v( 13 }  (14) 

by  Blinc  and  Zeks  and  by  Lines  and  Glass  )  eloctrostrictive  terms 

have  been  introduced  into  Kittel's  free  energy  expression  for  linear  anti- 

ferroelectrics  using  the  two-sublattice  model. 

G,  =  l/2a(T)(P2  +  P2)  +  1/4B(P4  +  pS  +  l/6y(P6  +  pj) 

X  a  u  a  b  a  b 

+  qPaPb  -  1/2xtp2  +  Qp(P2  +  P2  +  2ilPaPb)  .  (1) 

Here,  P  and  P,  denote  the  two-sublattice  polarizations,  p  hydrostatic  pres- 
a  d 

sure,  XT  compressibility,  Q  and  ft  are  the  electrostrictive  coefficients. 

Note  that  in  the  case  of  f erroelectrics  with  ft  =  0,  Q  is  equivalent  to  the 
hydrostatic  electrostrictive  coefficient  Qb  (=  +2Q]^  *n  cu^^c  phases). 

Other  ferroelectric  and  antiferroelectric  terms  are  omitted  for  simplicity. 

We  assume  8<0,  y  >  0»  H  >  0  for  a  first-order  antiferroelectric  trans¬ 
ition  and  a  is  the  only  temperature-dependent  coefficient.  Introducing  the 

transformations  Pr  =  (P  +  P,  )//2*  ,  P,  =  (P  -  P,  )//2  leads  to  the 

F  'a  b  A  a  b 

following  expression: 

Gx  =  1/ 2a (P2  +  P2)  +  1/86(P4  +  P4  +  6p2p2) 

•F  1/ 24y(Pp  +  pjj  +  15P4P2  +  15P2.P4)  +  l/2n(P2  -  P2) 

-  i/2X,rp2  +  Qp(P2  +  r2  +  S2(P2  -  P2) 


(2) 


The  dielectric  and  elastic  equations  of  state  follow  as 


dt»i  9  a 

(gp~)  =  E  -  PF[a  +  n  +  2Q(1  +  Q)p  +  l/2BPp  +  l/4yPp 
F 

+  3/2BP2  +  5/4yPA  +  5/2yPpP^] ,  (3) 

9G 

(gp-)  =  o  =  PA(a  -  n  +  2Q(1  -  fi)p  +  1/2SPa  +  l/4yPA 
A 

3/2BPf  +  5/4ypJ.  +  5/ZyPpPj],  (4) 

8G 

=  -XjP  +  Q(1  +  fi)Pp  +  Q(l  -  ft)PA  •  (5) 

2.2  Stable  States  for  E  =  0 

Three  types  of  stable  state  which  can  give  minima  in  free  energy  in  the 
Pp  -  P^  plane  are  given  for  E  =  0  by  simple  mathematical  procedures. 

I  Nonpolar;  Pp  =  0,  PA  =  0 

Vp)  =  To  -  2QC(1  +  n)p  (6) 

l/en  =  (T  -  To(p))/C  (7) 

(AV/V)n  =  -xTP  (8) 

Gn  -  -1/2xtP2  (9) 

II  Anti polar;  Pp  =  0;  P2  =  [-3  +  /i/4B2  -  4y(T  -  Tn(p))/C]/y 

tn(p)  -  tn  -  2QC(1  -  n)p  (10) 

(AV/V)a  =  -XTP  +  Q(1  -  I2)P 2  (11) 

Ga  =  -1/2KTP2  +  l/2(a-  n  +  2Q(1  -  «)p)PA 

+  1/88Pa  +  1/24yPa  (12) 

III  Polar;  P2  =  [-3  +  A/482  -  4y(T  -  Tc(p))/C]/Y,  PA  =  0 

Tc(P)  =  Tc  -  2QC<1  +  fl)p  (13) 

(AV/V)  =  -x  P  +  Q(1  +  u)p; 

H  1  f  mm 
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Here,  C  is  the  Curie-Weiss  constant  and  T  ,  T„  and  T  are  eiven  respectively 
as  follows: 

(Curie-Weiss  temperature)  a  +  n  =  (T  -  T^ ) / C ,  (16) 

^  3  2 

(Neel  temperature)  a  -  n  -  y^(3  /y)  =  (T  -  TN)/C,  (17) 

(Curie  temperature)  ct  +  rj  -  -^-(B2 /y)  =  (T  -  Tc)/C.  (18) 

In  the  case  of  r)  >  0,  the  antipolar  (antiferroelectric)  state  is  more 

stable,  than  the  polar  (ferroelectric)  state  if  the  pressure  is  not  very  high. 

2.3  Effects  of  Hydrostatic  Pressure 

From  Eq .  (10)  a  linear  shift  of  the  Neel  temperature  is  expected  with 

increasing  pressure;  a  decrease  for  ft  <  1  and  an  increase  for  (2  >  1,  since 

Q  >  0  in  usual  perovskite  type  crystals.  The  change  in  spontaneous  anti- 

ferroelectric  polarization  is  due  to  the  displacement  of  the  Neel  point. 

It  is  important  to  note  the  possibility  of  an  antiferroelec tric-f erro- 

electric  phase  transition  with  increasing  pressure.  The  equation  derived 

from  Eqs.  (10)  and  (13), 

yp)  -  Tc(p)  =  2nC  +  4qcfip  (19) 

suggests  such  a  phase  transition  if  ft  <  0.  The  critical  pressure  is  then 
given  by 

Pcrit.  =  n/ZQlnl-  (20) 

For  a  first-order  transition  in  the  ferroelectric  perovskites  the 
difference  T^  -  Tq  is  found  experimentally  to  tend  to  decrease  with  increasing 
pressure.  This  suggests  that  there  is  a  tendency  toward  second-order  charac¬ 
teristics  at  higher  pressures^^ .  To  explain  such  a  tendency  it  would  be 

*4  A 

necessary  to  introduce  additional  higher-order  terms  (p(P  +  P,  ))  to  the  free 

ti  D 

energy  expression  of  Eq.  (1). 

3.  COMPARISON  WITH  EXPERIMENTAL  RESULTS 

Direct  elcctrostr iction  (strain  induced  by  an  applied  electric  field) 

t 
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measurements  have  not  been  reported  in  antiferroelectric  perovskites.  We 
have  calculated  the  electrostrictive  coefficients  Q  and  ft  for  typical 
antiferroelectric  perovskites  PbZrO^  (simple  perovskite)  and  Pb(Mg^2W;[/2^3 
(ordered  perovskite),  using  the  data  of  the  effects  of  hydrostatic  pressure 
on  antiferroelectric  properties. 

3.1  PbZr03 

Samara  reported  complete  data  on  the  hydrostatic  pressure  dependence  of 

the  phase  transition  in  PbZrO-j^^  .  As  is  expected  from  the  proposed  theory, 

the  Neel  temperature  increases  linearly  with  increasing  pressure.  At 

constant  temperature,  the  dielectric  constant  in  the  cubic  phase  obeys  the 

relationship  =  C*/(p  -  PQ) «  The  Q  and  ft  values  can  be  calculated  from  the 

experimental  data  of  (9TN/9p),  (5 (1/z^) /dp)  and  the  Curie-Weiss  constant  C, 

using  Eqs .  (7)  and  (10)  (Table  I).  It  is  notable  that  the  Q  value 
-2  4  -2 

(2.03  x  10  m  C  )  is  almost  the  same  value  as  the  hydrostatic  electrostrictive 
coefficients  in  simple  perovskite  ferroelectrics  such  as  BaTiO^,  PbTiO^, 
etc.  The  theoretical  (9TQ/9p)  value  calculated  from  Eq.  (6)  is  exactly  the 
same  as  the  experimental  value. 

Using  Eq.  (11)  and  the  volume  change  (AV/V)g  at  the  transition  tempera¬ 
ture,  we  obtain  the  P  value  or  the  sublattice  polarization  (P  =  -P,  = 

ft  cl  S  D  S 

_2 

35  pCcm  ) .  The  magnitude  of  this  value  is  larger  than  the  experimental 

spontaneous  polarization  in  the  field-induced  ferroelectric  phase  observed 

-2  (19) 

in  the  double  hysteresis  loop  ('VlO  yCcm  ) 


The  entropy  S  =  -(BG^/OT)  is  related  in  a  simple  way  to  the  spontaneous 
polarization  within  the  Devonshire  approximation.  The  entropy  change  at 


the  Neel  temperature  is  given  as  follows: 

AS  -  ~  1 ’l  .  (21) 

Very  good  agreement  was  obtained  between  the  calculated  and  experimental  data. 
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3.2  Pb(MBl/2U1/2)03 

Polandov  reported  the  effect  of  hydrostatic  pressure  on  PbO-lg^^^y  2^3  • 

Although  data  are  not  reliable  at  higher  pressures,  Q  and  12  can  be  calculated 

from. the  experimental  data  of  (3T^/3p)  and  (3(l/c^) /3p)  at  lower  pressures. 

The  Q  value  obtained  is  several  times  larger  than  the  values  in  simple  perov- 

skite  crystals,  while  the  Curie-Weiss  constant  of  PbCMg^^^y?)^  as  several 

(21) 

times  smaller 

The  sublattice  polarization  is  estimated  from  the  volume  change  at  the 
„  _2 

Neel  point  as  P  =  -P,  =  16  pCcm  .  Reasonable  agreement  was  also  obtained 

3S  OS 

between  the  experimental  entropy  change  data  and  the  calculated  value  at 
the  transition  temperature. 

It  is  interesting  that  since  Q  <  0,  PbCMg^^W^y 2^°3  :is  an  examP]Le  which 
has  the  capability  of  an  antif erroelectric-f erroelectric  phase  transition 
with  increasing  pressure. 

4.  DISCUSSIONS 

The  hydrostatic  electrostrictive  coefficients  and  the  Curie-Weiss 
constants  C  are  summarized  in  Table  II  for  several  kinds  of  perovskite  type 
crystals:  simple,  disordered,  partially-ordered  and  ordered  f erroelectrics 

and  antif erroelectrics . 

The  experimental  rule  proposed  for  perovskite  f erroel ectr ics ,  that  is, 

"the  product  value  of  the  electrostrictive  coefficient  Q  and  the  Curie-Weiss 

constant  C  is  almost  constant  for  all  ferroelectric  perovskites”  is  also 

3  4-2, 

true  for  antif erroclectr ic  perovskites  (Q^C  =  3.1  ±  0.4  x  10  m  C  K) . 

Considering  that  the  Q  value  of  l’bZrO^  is  of  the  same  order  of  magnitude 
as  the  values  for  simple  perovskite  ferroelectr ics,  it  appears  probable 
that  the  magnitude  of  the  el cc t rest r I o t i ve  coefficient  Q  is  not  strongly 

I 
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affected  by  the  tendency  to  ferroelectric  or  antiferroclectric  order,  but 
is  much  more  strongly  affected  by  the  degree  of  order  in  the  cation  arrange¬ 
ment.  The  Q  value  tends  to  increase  from  disordered,  through  simple  and 
then  ordered  perovskite  crystals.  The  decreasing  tendency  of  the  Curie- 
Weiss  constant  from  its  highest  values  in  disordered,  through  partially- 
ordered,  and  simple  and  ordered  perovskites  is  also  very  suggestive. 

We  propose  a  simple  intuitive  model  that  explains  the  "constant  QC 

rule."  Figure  1(a)  and  (b)  show  two  exaggerated  B-ion  surroundings  of  the 

perovskite  structure.  In  the  case  of  (a)  with  a  large  "rattling"  space  for 

a  relatively  small  B  ion,  the  ion  can  move  easily  without  distortion  of  the 

oxygen  octahedron  when  an  electric  field  is  applied.  Larger  polarization 

can  be  expected  for  unit  magnitude  of  electric  field;  in  other  words,  larger 

dielectric  constant  or  larger  Curie-Weiss  constant.  Also,  smaller  strain 

is  expected  for  unit  magnitude  of  polarization.  On  the  other  hand,  in  the 

case  of  (b)  with  a  small  "rattling"  space  for  a  relatively  large  B  ion, 

it  can  not  move  easily  without  making  distortion  of  the  octahedron.  Smaller 

Curie-Weiss  constant  and  larger  electrostrictive  coefficient  are  expected 

in  this  case.  A  numerical  description  of  the  ion  rattling  model  will  be 

given  in  a  subsequent  paper.  The  results  of  the  electrostriction  in  the  solid 

solution  systems  Pb^g^Nb^^  -  PbTiO^  and  PbOlg^Nb^^  - 
(35) 

Pb(Mg^2WjY2^3  aTe  a^so  very  suggestive.  In  both  systems,  the  small 
Q-coef f icient  value  of  Pb(Mg^^^2/3^3  ^ncreases  wit'1  increasing  PbTiOj 
or  Pb(MgjY2^2./2^3  content.  An  even  larger  rate  of  increasing  was  obtained 
for  the  Pb(Mg^^Nbn^)0^  -  pb^M8^/2Wl/2^°3  systein  tlian  for  the  1>b(MSi/3N'°2/3^°3 
PbTiOj  system,  due  to  the  tendency  of  Mg  and  W  ions  to  order.  The  densely- 
packed  structure  of  B  ions  has  been  observed  for  O.lPMMg^^Nb-i^^O;}  - 
0.9Pb(Mg^2Wi/2^®3  hy  Amin  et  al.^^,  which  suggests  the  very  small 


rattling  space. 
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Further  studies  involving  direct  elcctrostriction  measurements  of  PbZrO^ 
and  Pb (Mg^ /2Wl/2^^*3  t'ie  Parae^ectric  phase  are  obviously  desirable.  The 

electrostr ictive  effects  of  non-f erroelectric  relaxor  perovskites  will  be  also 
an  interesting  subject  for  study. 
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Table  II  Electrostructive  coefficients,  Curie-Weiss  constants  and  their  product 

values  for  various  perovskite-type  ferroelectrics  and  antiferroelectrics. 
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ABSTRACT 

Elastic  deformations  induced  by  high  electric  field 
in  the  solid  solution  system  Pb (^8^3^2/3)03  ~  PbTi03  has  been  measured 
using  a  strain  gauge  method  at  temperatures  in  the  relaxation  range. 
Unusual  inverse  hysteretic  cui'ves  have  been  observed  in  the  relation 
between  the  deformation  and  electric  field  in  0. 9Pb(Mg3^3Nb2^3)03 
-  O.lPbTiO^  at  temperatures  outside  the  range  where 
they  would  be  of  practical  use  in  elcctvoctrictive  displacement  control. 
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1.  Introduction 

Dielectric  properties  anti  clcctrostriction  of  materials  in  t lie 
solid  solution  system;;  Pb(Mj»^^^Nl>2^)®3  “  PbTiO^  liavc  been  reported 
in  our  recent  papers  [1-4].  In  pure  PbCMg^^Nb^^O^  nn<* 

Pb (MSjy ^111^2 / 3 ) ^*3  ~  compositions,  a  most  unusal  inverse  hysteresis 

in  the  relation  between  the  weak-field  permittivity  and  the  cyclic 
bias  field  has  been  observed  at  temperatures  in  the  relaxation  range. 

Ucliida  and  Ikeda  reported  rather  similar  bias  characteristics 
of  the  weak-field  permittivity  in  Pb(Zr,  Ti)0^  families  ceramics  [5]. 
They  explained  the  effects  qualitatively  by  making  specific  assumptions 
as  to  the  behavior  of  1806-domain  reversals  and  non  180°  -  rotations  of 


domains  as  a  function  of  the  applied  field  [6].  On  the  other  hand, 
they  observed  normal  hysteresis  in  the  biasing  field  characteristics  of 
elastic  deformation  for  BaTiO^  and  PZT  families  as  are  predicted  by  their 
theoretical  model. 

Concerning  Pb  (>^^^2/3^3  “  PbTiO^  ceramics,  however,  we  observed 
also  the  peculiar  inverse  hysteresis  in  the  bias  characteristics  of  strain. 
We  describe  in  this  paper  preliminary  experimental  data  of  temperature 
and  frequency  dependence  of  longitudinal  and  transverse  strain  measured 
in  0. 9Pb(Mg^^Nb2^)0^  -  0,1  PbTiO^  ceramics,  which  reveals  the  largest 
inverse  hysteretic  effect  among  the  samples  with  compositions  containing 
less  than  20  mol  %  of  PbTiO^* 


2.  Sample  Preparations 

Ceramic  specimens  were,  prepared  from  reagent  grade  PbO,  MgO,  ^2^5 
and  TiOj.  The  constituent  oxides  were  mixed  in  appropriate  proportions, 
ball-milled  in  alcohol,  then  dried  and  calcined  in  air  at  800°C  for 
15  hours  in  a  closed  alumina  crucible.  The  resulting  calcine  was  ground 


and  refin'd  for  two  additional  15-hour  periods  to  ensure  complete  reaction 
For  the  transverse  strain  measurement,  samples  were  prepared  by 
cold  pressing  into  disks  and  firing  on  platinum  sett  erf;  in  air  at  1000°C 
for  2  hours.  Cold  electrodes  were  sputtered  onto  the  faces.  For  the 
longitudinal  effect,  internally  electroded  multilayer  samples  were  pre¬ 
pared  by  standard  type  casting  techniques  using  calcined  Vb(Mg^y 
PbTiO^  powder  and  a  commercial  doctor  blade  media  (Cladan  Inc.,  San  Diego, 
CA,  type  B42)  [7].  Internal  electrodes  were  applied  by  screen  printing 
platinum  ink  (Englehard  Instustries,  East  Newark,  NJ,  type  E-305-A)  onto 
the  dried  cast  tape.  Ten  layer  devices  with  thickness  of  2.5mm  were 
prepared  by  firing  under  the  same  conditions  as  described  above. 

The  field-induced  strain  was  measured  by  a  strain  gauge  method.  A 
polyimide  foil  strain  gauge  (Kyowa,  KFR-02-C1-11)  was  bonded  with  a 
cement  (Kyowa,  PC-6)  on  the  electroded  face  of  the  sample  for  the 
transverse  measurement,  or  on  the  edge  face  of  the  multilayer  sample 

for  longitudinal  measurements. 

! 

3 .  Experiments  and  Discussions 

Measurements  were  carried  out  by  a  DC  method  using  a  double  bridge 
technique.  The  longitudinally  (S^)  and  transeversely  induced  strains 
(S^)  were  measured  as  a  function  of  the  applied  electric  field 
(0.001  s.  0.1  Hz)  at  various  temperatures  (-80  706C) . 

3 . 1  Temperature  and  Field  Dependence  of  Strain 

Figure  1(a)  and  (b)  show  the  dependence  of  the  longitudinal  (S^) 
and  transverse  strains  (C^)  on  the  cyclic  electric  field  at  0.002Hz  for 
0. 91’b (Mg^^Nb?^)0^  -  0.11’bTIOj  ceramics  at  various  temperatures.  In 
the  longitudinal  effect  the  inverse  hysteresis  can  be  observed  even  above 
the  mean  Curie  temperature  (v25*C).  Below  that  temperature.,  the  normal 
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hys  tcresis  is  dominant  and  the  inverse  hysteresis  is  observed  only  at 
high  electric  field,  where  it  gradually  disappears  wj  r>»  decreasing 
temperature.  In  the  transverse  effect,  the  normal,  hysteresis  is  dominant 
for  all  temperatures.  Below  -10°C,  however,  the  inverse  effect  appears 
at  high  electric  field.  It  is  notable  that  the  magnitude  of  the  strain 
change  decreases  with  decreasing  temperature  below  -10°C.  The  initial 
strain  curves  are  also  shown  in  Fig.  1(b),  by  dashed  lines. 

Figure  2(a)  shows  the  maximum  longitudinal  strain  at  E  =  lOkV/cm 
and  the  maximum  transverse  strain  at  E  =  8.5kV/cm  plotted  as  a  function 
of  temperature.  The  initial  strains  of  the  transverse  effect  are  also 
plotted  for  comparision.  The  temperature  dependence  curves  are  very 
similar  to  the  curve  for  the  polarization.  Compared  with  the  value  of 
the  transverse  strain,  the  longitudinal  strain  is  relatively  smaller  than 
the  expected  vlaue  (S^  ^  -  3S2) ,  which  may  be  explained  by  the  effect 
of  the  multilayer  configureation  due  to  two  separate  electrode  systems 
and  insultated  electrode  edges  reducing  the  measured  displacement  [7]. 

The  large  strain  difference  between  the  initial  and  cyclic  states  in 
the  transverse  effect  suggests  that  part  of  the  non  180°-rotations 
of  domain  switching  may  be  quenched  by  the  initial  field  application 
and  do  not  subsequently  contribute  to  the  cyclic  domain  switching. 

This  quenching  effect  is  not  observed  in  the  longitudinal  effect. 

Figure  2(b)  shows  the  plots  of  the  critical  electric  field  of 
the  inverse  hysteresis  ns  a  function  of  temperature.  The  critical 
filed  shows  a  minimum  at  a  temperature  near  the  mean  Cviric  temperature. 

3.2  Frequency  Depend once  of  Ft rjvt  _n 

Figure  3  shows  the  frequency  dependence  of  the  transverse  strain 

(S_)  curve  measured  at  -17.0°C.  The  critical  field  K  of  the  inverse 
L  cl' 
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hy:;  tcreuis  increases  with  increasing  frequency,  which  is  clearly  evident 

in  l'in.  A.  It  is  notable  that  the  slope  of  the  F  -lop,  f  curve  tends 

cr 

to  increase  v.’i  Lit  decreasing  temperature. 

It  is  not  possible  to  explain  Llic  inverse  hysteresis  in  the  elastic 
strain  hy  the  model  proposed  hy  Uchida  and  Ikeda  [6],  It  appears 

probable  that  consideration  must  he  given  to  the  possible  interaction 
between  180°  and  non-180°  reorientations  which  are  ignored  in  the  Uchida- 
Ikeda  model.  Another  possibility  is  the  effect  of  the  superposed  giant 
quadratic  electrostriction  which  is  typically  observed  in  relaxor  forro- 
electrics.  Further  investigation  will  be  desired  to  elucidate  between 
these  possible  models. 

The  authors  wish  to  express  their  sincere  thanks  to  Dr.  S.  J.  Jang 
for  his  sample  preparations.  This  work  was  supported  by  the  Department 
of  the  Navj  through  the  Office  of  Naval  Research. 
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Fig-  1.  (a)  longitudinl  electrostriction  and  (b)  transverse  electo- 

striction  as  a  function  of  electric  field  (0.002Hz)  at  various 
temperatures  for  0. 9l’b ~  O.iPbTiO^. 

Fig.  2.  (a)  maximum  longitudinal  electrostriction  at  E  =  lOkV/cm  and 

maximum  transverse  electrostriction  at  E  =  8.5kV/cm  as  a 
function  of  temperature.  Initial  strains  are  also  plotted 
by  dashed  lines;  (b)  critial  field  of  the  inverse  hysteresis 
as  a  function  of  temperature. 

Fig.  3.  Frequency  dependence  of  the  transverse  electrostriction  curve 
measured  at  -17.0°C. 

Fig.  A,  The  dependence  of  the  critical  field  of  the  inverse  hysteresis 


on  frequency  and  temperature. 


Fig.  1(a) 
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Monolithic  Multilayer  I'Kilromi'clianual  Transducers 
for  Optical  Applications 

W  A.  SCHULZE,*  T.  R  SHROUT.*  S  J  JANG.  S.  SHARP,  and 
L  E  CROSS* 

Lasi  k  commumca  i  ios  and  information  processing  systems  have 
increased  the  need  for  simple  electrically  controllable  mi- 
cruposnioners  Several  of  these  needs  have  been  met  hy  using 
conventional  piezoceramic  materials;  however,  these  materials 
often  need  very  high  driving  voltages  to  develop  the  required  dis¬ 
placements.  They  also  lead  to  zero  point  drift  due  to  aging  and 
deaging  under  repealed  field  cycling. 

Integral  nohle  metal  electrodes  can  be  used  to  reduce  the  high 
driving  voltage  requirements  in  conventional  pieroceranucs.  To 
explore  this  possibility,  multilayer  elements  were  fabricated  from  a 
low -hysteresis  commercial  PZT  hy  using  normal  tape  casting  tech¬ 
niques.1  The  individual  units  consisted  of  10  active  layers 
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Fig.  1.  Displacement  transducer  consisting  of 
stack  of  P7.T  multilayers 
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2.  Displacement  and  strain  as  a  function  of  applied  field  or  voltaee  for 
M)  PZT  displacement  transducer  and  ( B )  0  9Pb<  Mgj.jNb*  jlO,  0  IPbTiO, 
displacement  transducer 


(l.8x  I0~*  m  (7  mils)  thick)  with  two  passive  screening  layers 
acting  as  covers  for  the  outer  electrodes  Ten  of  these  multilayers 
were  epoxy -bonded  and  connected  electric  ally  in  parallel  to  produce 
a  stack  2.5x|0"J  mm  long  I  Fig.  I).  This  configuration  permits 
displacements  of  **  10/am.  required  for  the  laser  system,  at  reason¬ 
able  drive  levels. 


The  displacement  response  as  a  function  of  applied  field,  alter 
initial  deaging,  is  shown  in  Fig.  2(/t ).  The  slope  corresponds  to  an 
average  piezoelectric  coefficient  of  220  <  10  C/N ,  near  that  ot  the 
bulk  material.  The  internal  electrode  structure  appx;jrs  to  have  little 
effect  on  drift  due  to  aging  and  deaging  With  present  commercial 
tape  casting  techniques,  layer  thicknesses  of  <2  5<l0~’mfl  mil) 
ate  practical  and  would  further  reduce  the  drive  voltage  require¬ 
ments  by  a  factor  of  7  from  tha'l  of  these  experimental  units 
To  overcome  the  problem >  associated  with  aging  and  deaging, 
which  are  necessary  features  of  any  poled  pie/oceramic.  expen  men¬ 
tal  multilayers  have  been  constructed  from  compositions  in  a  newly 
developed  family  of  electrostrietive  ceramics  in  the  PbtMg,  jNtv  ;l) 
PbTiOj  family Electrosinction  does  not  depend  on  the  elec¬ 
trical  prehistory  (poling)  of  the  sample  and  should  not  change  with 
field  cycling. 

A  device  similar  to  the  PZT  stack  (Fig  1 )  was  constructed  hy  tape 
casting  ceramic  of  composition  0.9Pb( MgniNbji )Os: 
0.  IPbTtO,  with  layers  1.5x10"*  m  thick  (6  mils).  The  displace¬ 
ment  vs  voltage  curve  is  shown  in  Fig.  2(B).  In  this  case,  the 
response  is  nonlinear,  js  would  be  expected  lor  electrostrtction.  but 
is  reproducible  for  repeated  cycling  within  the  limits  ol  the  strain- 
measuring  system  (i0. 1  /rm).-‘ 

Projecting  the  multilayer  electrostnctor  to  a  2.5xlO~J  m  (one 
mil)  layer  spacing  suggests  that  at  50  V  strains  of  I0"1  should  be 
achieved,  i.e.  a  25  /tm  strain  on  a  2  5  x  10"  -  m  element  under  50  V 
drive  with  zero  point  drift,  much  less  than  any  presently  available 
PZT.  Additional  measurements  have  shown-’  that  the  thermal  ex¬ 
pansion  at  room  temperature  is  <lx!0"“  ’C'1  in  this  ceramic, 
almost  jn  order  of  magnitude  less  than  PZT 
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Electrostriction,  Optic  Mode  Gammas  and  Third  Order 
Elastic  Constants  of  SrTiO^  in  the  Shell  Model 

B.N.N.  Achar,  G.R.  Barsch*  and  L.E.  Cross’^ 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Lattice  dynamical  calculations  of  harmonic  and  first  order  anharmonic 
properties  at  the  zone  center  have  been  performed  for  the  perovskite  structure 
on  the  basis  of  a  shel.'.  model.  The  harmonic  part  of  the  model  is  equivalent 
to  Cowley's  model,  with  the  14  parameters  determined  from  zone  center  properties 
only.  Anharmonic  interactions  arising  from  Coulomb  and  short  range  repulsion 
are  included  and  are  characterized  by  three  parameters.  Numerical  applica¬ 
tion  to  SrTiO^  shows  that  the  model  gives  a  consistent  description  of  third 
order  elastic  and  of  electrostriction  constants ,  provided  that  the  higher  than 
first  order  anharmonic  contribut ions  arising  from  zero  point  and  thermal  motion 
are  eliminated  from  the  experimental  data  by  extrapolation  to  absolute  zero. 

PACS  Numbers:  77.60.  +  V  62. 20. Do  63.20.  -  c 

*Also  affiliated  with  the  Department  of  Physics. 

(-Also  affiliated  with  the  Department  of  Electrical  Engineering. 
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I.  Introduction 

The  ferroelectric  and  ferroelastic  phase  transformations  occurring  in  many 
pervoskite-type  oxides  and  halides  are  well  understood  in  terms  of  the  experi¬ 
mentally  observed  softening  of  the  zone-center  mode  and  the  zone-corner 
1-3 

mode  ,  respectively.  In  SrTiO^,  one  of  the  most  extensively  studied 

perovskites,  the  softening  of  both  these  modes  has  been  investigated  by  means  of 

infrared^  field-induced  Raman  scattering^'®  and  inelastic  neutron  scattering 

9-14 

techniques  and  explained  theoretically  on  the  basis  of  anharmonic  phonon 
interactions^  Issues  not  fully  resolved  at  present  include  critical  and 

transformation  precursor  phenomena  and  the  actual  microscopic  origin  of  the 
large  anharmonic i ty . 

It  is  the  purpose  of  the  present  paper  to  consider  first  order  anharmonic 
properties  at  the  zone  center  in  order  to  investigate  the  anharmonicity  of 
SrTiO^  on  the  basis  of  a  consistent  model.  The  anharmonic  properties  considered 
here  are  the  electrostriction  constants,  the  third  order  elastic  (T.O.E.) 
constants,  and  the  optic  mode  gammas. 


The  experimental  data  available  for  SrTiO^  consist  of  the  complete  set  of 
21  22  23 

six  T.O.E.  constants,  ’  two  electrostriction  constants,  and  a  semiempirical 


value  for  the  soft  mode  gamma. 


24,25 


The  available  theoretical  calculations  of  the  electrostriction  constants 

26 

for  ferroelectrics  are  based  on  a  heuristic  linear  chain  model  or  on  a  point 

ion  model  with  polarizable  ions-  which  is  known  to  be  inadequate  even  for 
28 

alkali  halides  .  Electrostriction  constants  for  SrTiO^  at  room  temperature 

20 

have  also  been  calculated  by  Bruce  and  Cowley,  but  as  will  be  discussed  below, 
are  based  on  inconsistent  model  parameters.  Thus  a  proper  lattic  dynamical 
treatment  of  electrostriction  is  not  yet  available  for  the  perovskite  structure. 


Third  order  elastic  constants  for  the  perovskite  compound  RbMnl'^  have  been  treated 
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theoretically  by  Naimon,  but  no  calculations  of  the  mode  gammas  in  perovskites 

have  been  made.  Furthermore,  the  question  of  the  consistency  of  the  model 

parameters  describing  all  first  order  anharmonic  effects  with  the  electrostr ic- 

tion  constants  has  not  yet  been  addressed. 

While  previous  theories^  ^  consider  anharmonicity  mostly  in  the  context 

of  mode  softening  and  take  into  account  only  the  anharmonicity  from  the  inter- 

30  31 

ionic  interactions  it  has  recently  been  shown  by  Migoni  et  al  ’  that  for 

SrTiO^  and  KTaO^  the  intra-ionic  anharmonicity  arising  from  the  nonlinear 

anisotropic  polarizability  of  the  oxygen  ions  could  also  be  of  major  importance. 

It  seems,  therefore,  necessary  to  use  a  rather  general  model  for  interatomic 

forces  with  a  set  of  well-defined  and  mutually  consistent  parameters  that  can 

account  for  a  sufficiently  wide  range  of  both  harmonic  and  anharmonic  proper- 

30  31 

ties.  Since  the  intra-ionic  anharmonicity  proposed  by  Migoni  et  al  *  is 
inconsequential  for  the  first  order  anharmonic  effects  of  the  static  crystal 
considered  here  it  will  not  be  further  pursued. 

A  well-known  difficulty  in  determining  a  consistent  set  of  model  parameters 
arises  from  the  temperature  dependence  of  the  phonon  frequencies  and  the  proper¬ 
ties  in  question.  Within  the  framework  of  many-body  pertubation  theory,  this 
temperature  dependence  is  described  by  the  temperature  dependence  of  the 

anharmonic  phonon  self  energy  which  can  be  calculated  from  the  phonon  Green's 
32  33 

function.  ’  Although  strictly,  the  frequencies  which  enter  the  Green's 
function  are  the  unrenormalized  frequencies  pertaining  to  the  static  crystal 
they  may  to  a  good  approximation  be  replaced  by  the  renormalized  frequencies 

which  correspond  to  the  experimentally  measured  frequencies  for  finite  tempera- 

3  3  16 

ture.  This  is  the  approach  found  "most  satisfactory"  and  used  by  Cowley 

20 

and  Bruce  and  Cowley.  While  this  procedure  may  be  a  sufficiently  good 
approximat ion  for  treating  the  renormalization  of  the  harmonic  properties  it 
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becomes  questionable  when  extended  even  to  first  order  anharmonic  properties 
of  strongly  anharmonic  solids.  For  example,  electrostriction  of  soft-mode 
materials  at  finite  temperature  is  determined  by  higher  than  first  order 
anharmonic  contributions  and  lowest  order  anharmonic  perturbation  theory  may 
not  be  adequate. 

In  order  to  circumvent  these  difficulties,  in  the  present  paper  the  effects 

of  thermal  and  zero  point  motion  will  be  eliminated  from  the  experimental 

data  for  both  harmonic  and  anharmonic  properties  by  linear  extrapolation  from 

34  35 

the  high  temperature  region  to  absolute  zero.  ’  The  data  so  obtained  will 
be  regarded  as  pertaining  to  the  static  crystal.  For  comparison,  lattice 
dynamical  calculations  pertaining  to  a  quasistatic  crystal  have  also  been 
carried  out  by  neglecting  zero  point  and  thermal  motion  and  fitting  the  results 
to  experimental  room  temperature  data.  As  expected,  no  consistent  fit  even 
of  first  order  anharmonic  properties  can  be  obtained  in  this  case. 


A  further  aspect  of  the  present  work  is  the  inclusion  of  the  Coulomb 
contributions  to  the  anharmonic  properties,  neglected  in  previous  theories 


16,20 


This  is  essential  because  of  the  near-cancellation  of  the  Coulomb  and  the  repul¬ 
sive  contributions  to  the  soft  mode  frequency,  which  also  occurs  for  the  electro¬ 
striction  coefficients.  Moreover,  for  some  of  the  T.O.E.  constants  both  types 


of  contributions  are  comparable. 

Since  the  model  considered  here  refers  to  the  static  soft-mode  crystal, 
it  is  inherently  unstable  and  could  therefore  provide  a  suitable  starting  point 
for  a  complete  calculation  of  the  anharmonic  stabilization  of  both  the  F^,. 
and  modes  for  SrTlO^  occurring  with  increasing  temperature.  Work  in  this 
direction  is  in  progress. 
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II.  LATTICE  DYNAMICAL  FRAMEWORK 


A.  Shell  Model 

The  present  paper  employs  the  rigid  shell  model  of  Cowley^  for  the 

cubic  perovskite  structure  and  takes  into  account  the  long  range  Coulomb 

interaction,  the  polarizability  of  all  three  ions,  and  the  axially  symmetric 

short  range  repulsive  interaction  between  "nearest  neighbor"  Sr-0,  Ti-0,  and 

0-0  ion  pairs.  In  order  to  limit  the  number  of  parameters,  the  Sr-Ti  inter- 

14 

action  is  neglected.  This  model  has  been  tested  extensively  by  Stirling 

in  fitting  experimental  inelastic  neutron  scattering  data,  but  in  the  present 

paper  the  model  parameters  are  fitted  to  zone  center  properties.  The  model 

is  characterized  by  14  independent  parameters.  In  the  notation  of  Cowley, ^ 

they  consist  of  the  dimensionless  second  derivatives  of  the  repulsive  potential 

A^,  (i  =  1,2,3  for  Sr-0,  Ti-0,  0-0,  respectively),  the  effective  ionic 

charges  ZQ,  the  electronic  polarizabilities  a_,  and  the  short-range  polarization 
p  p 

d  of  the  ions  labelled  by  M  1,2,3  for  Sr,  Ti,  0,  respectively.  Because  of 

P 

the  charge  neutrality  condition  only  two  of  the  three  charges  Z  are  indepen- 

P 

dent.  If  the  repulsive  parameters  A^,  B^  are  regarded  as  the  dimensionless 
second  and  first  derivatives  of  a  central  force  potential  ^(r^)  the  equili¬ 
brium  condition  must  be  imposed,  thereby  reducing  the  number  of  independent 
parameters  by  one. 

The  above  harmonic  shell  model  is  extended  to  include  inter-ionic 
anharmonicity  by  incorporating  the  third  derivatives  of  both  Coulomb  and 
repulsive  potentials.  In  the  present  work  the  latter  are  assumed  to  be  of 
central  force  type  and  are  described  by  the  three  dimensionless  parameters 
*  (a^/e^)  O^'  /3r^)g(i  =  1,2,3;  a  =  lattice  constant). 
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B.  Lattice  Dynamics  at  Zone  Center  for  Quasistatic  Crystals 

For  the  cubic  perovskite  structure,  the  harmonic  lattice  dynamical  quantities 

at  the  zone  center  consist  of  the  three  elastic  constants  c^,  c12’  CA4’ 

two  dielectric  constants  e,  e^,  the  six  i.r.  frequencies  belonging  to  the  T 

mode.  Explicit  expressions  for  the  elements  of  the  dynamical  matrix  and  for  the 

elastic  constants  pertaining  to  the  above  shell  model  for  the  perovskite  structure 

have  been  given  by  Cowley.  The  dielectric  constants  may  be  calculated  from 

37 

the  general  shell  model  expressions  given  by  Cowley. 

The  first  order  anharmonic  zone  center  properties  consist  of  the  six  T.O.E. 

constants  c.,.,  c,..,  c,,,.,,  c...,  c,.,,  c.,..,  the  three  electrostriction  constants 
iii  iiz  IzJ  144  lbb  4jo 

Qllll’  ^1122’  ^1212’  the  three  photoelastic  constants  Pml>  P1122’  P1212’  and 
the  seven  optic  mode  gammas.  The  electrostriction  constants  are  defined  (tensor 

2 

notation)  by  =  (*5)0  j ) / 3P^3P where  are  the  components  of  the  strain 

tensor,  and  the  vector  components  of  the  electric  polarization.  General 

lattice  theoretical  expressions  for  the  T.O.E.  constants,  for  the  electrostriction 

constants  and  for  the  photoelastic  constants  for  non-primitive  crystals  have 

38 

been  given  by  Srinivasan.  Alternative  expressions  for  these  quantities  more 

suitable  for  application  to  shell  models  have  also  been  derived  and  will  be  given 
39 

elsewhere.  Mode  gammas  may  be  calculated  from  first  order  perturbation  theory 
by  using  expressions  as  given,  for  example  in  Ref.  40. 

With  the  exception  of  a  calculation  of  T.O.E.  constants  for  RbMnF^  by  Naimon- 
these  general  theoretical  expressions  have  not  yet  been  applied  to  perovskites. 
However,  the  Coulomb  sums  given  by  Nairaon  represent  the  total  Coulomb  contribution 
to  the  T.O.E.  constants  and  are  given  only  for  specific  integer  values  of  the 
ionic  charges.  Therefore  in  the  Appendix,  we  tabulate  the  Coulomb  sums  representing 
the  sublattice  contributions  to  the  T.O.E.  constants  that  are  required  for  the 
case  of  general  sublatticc  charges.  In  addition,  the  repulsive  contributions  to 
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the  T.O.E.  constants  from  the  three  kinds  of  interactions  discussed  in  Section  A 
are  given  explicitly. 

In  Section  III,  the  equations  pertaining  to  the  quasistatic  crystals  are 
applied  to  the  calculation  of  the  first  order  anharmonic  properties  for  two 
different  types  of  models,  which  differ  in  the  manner  of  the  determination  of 
the  parameters.  For  the  models  labelled  "static",  the  parameters  are  fitted  to 
data  obtained  by  extrapolation  to  absolute  zero,  as  described  in  Section  IIC, 
and  for  the  models  labelled  "R.T."  they  are  directly  fitted  to  the  room  tempera¬ 
ture  data. 

C.  Extrapolation  of  Experimental  Input  Data  to  Static  Crystal 

In  this  section,  the  procedure  for  eliminating  the  thermal  and  zero  point 
effects  from  room  temperature  experimental  data  is  discussed  for  those  quantities 
that  will  be  used  to  fit  model  parameters  for  the  "static"  type  models. 

In  the  paraelectric  phase,  the  temperature  dependence  of  the  low  frequency 
dielectric  constant  of  ferroelectric  crystals  is  described  by  the  Curie-Weiss 
law: 

e  =  C/(T-T  )  (2.1) 

c 

According  to  the  soft  mode  picture  of  Anderson-*-  and  Cochran^,  this  law  follows 
from  the  linear  temperature  dependence  of  the  squared  TO  soft  mode  frequency 

(JV  =  A(T-T  )  (2.2) 

I  c 


in  connection  with  the  Lvddane-Sachs-Tel ler  (LST)  relation 


,  _  ,  LO,  TO, 2 

e/c  =  il  (w,  /u>.  ) 

00  t  i  i 


(2.3) 


provided  that  the  temperature  dependence  of  all  polar  modes  i,  other 
the  soft  TO  mode  i=l  may  be  neglected. 

In  the  case  of  the  incipient  ferroelectric  SrTiO^,  both  1/e  and 


than 


(w 


TO.  2 
1  ' 


have  been  observed 


I  >.  4  I 


to  varv  linearly  from  room  temperature  down  to  50K, 
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with  a  Curie  temperature  T  =  35. 5K.  Below  50K,  1/e  levels  off  because  of 

c 

41  42 

stabilization  of  the  paraelectric  phase  via  quantum  mechanical  effects.  * 

The  linear  temperature  dependence  in  the  high  temperature  range  can  be  explained 

20 

theoretically  on  the  basis  of  first  order  anharmonic  perturbation  theory. 

The  values  of  the  dielectric  constant  and  the  squared  soft  mode  frequency 
pertaining  to  the  "static"  crystal  can  therefore  be  obtained  by  extrapolating 
linearly  from  the  high  temperature  region  to  absolute  zero  and  are  given  by 


t  -  -C/T 
stat  c 

(u  „  . )  =  -AT 

stat  c 


(2.4) 

(2.5) 


These  quantities  are  strictly  harmonic  quantities  and  are  negative  for 

SrTiOy  All  other  harmonic  quantities  at  the  r  point  such  as  the  elastic 

constants  c ^  and  the  optic  mode  frequencies  are  weakly  temperature  dependent 

and  in  the  high  temperature  limit,  vary  linearly  with  temperature.  In  order 

to  obtain  quantities  pertaining  to  the  static  crystal,  they  must  also  be 

34  35 

extrapolated  to  absolute  zero.  ’ 

Other  input  quantities  required  for  fitting  the  anharmonic  parameters 

are  the  pressure  derivative  of  the  dielectric  constant  (3e/3p)^,  and  the  T.O.E. 

24  25 

constants  c  (3e/3p)„  has  been  measured  by  Samara  ’  as  a  function  of 

p  V  A  1 

temperature  for  SrTiO^  and  the  quantity  referred  to  the  static  crystal 
(3c  /3p)_  may  be  obtained  from  equations  (2.1)  and  (2.4)  as 

S  WOb  1 


3ine  „  .  _  3£nT 

,  stat.  _  . 3Hne,  T  , _ c. 

"  3p  ;  =  K  3p  't  “  T-Tc  {  3p  ;T 


(2.6) 


SrTiO^  exhibits  a  structural  transformation  at  105K  which  arises  from  a 

condensation  of  a  zone-corner  mode  representing  the  rotations  of  the 
12,43 


oxygen  octahedra. 
elastic  constants  each  exhibit  a  discontinuity. 


Near  the  transformation,  the  second  and  third  order 

21,44,45 


For  the  second  order 
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elastic  constants,  the  discontinuity  has  been  explained  as  arising  from  the 
coupling  of  the  acoustic  inodes  to  the  soft  zone  corner  mode^’^’^  and 

the  same  explanation  may  be  expected  to  hold  for  the  T.O.E,  constants  also. 

The  effect  of  the  soft  mode  may  be  neglected  for  the  purposes  of  the 
present  paper  since  a  static  model  of  SrTiO^  for  the  T  point  properties  is 
considered  and  since  the  parameters  of  the  model  can  be  determined  by  fitting 
to  the  zone  center  properties,  linearly  extrapolated  to  absolute  zero  from 
the  high  temperature  region. 

The  extrapolation  procedure  introduces  some  uncertainity  in  the  static 
values  so  obtained.  However,  these  uncer tainities  appear  to  be  small  compared 
with  the  uncer tainities  resulting  from  the  approximations  usually  made  in 
performing  theoretical  calculations  of  the  temperature  effects  via  first 
order  perturbation  theory^ or  v^a  tj,e  self-consistent  phonon  approxima¬ 


tion. 
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III.  RESULTS 
A.  Model  Parameters 

The  shell  models  used  here  are  characterized  by  14  harmonic  and  three 
anharmonic  parameters  as  introduced  in  Section  II. A  and  as  listed  in  Tables  1 
and  2,  respectively.  Two  types  of  models  are  considered  and  labelled  "R.T." 
and  "  Stat."  depending  on  whether  the  parameters  are  obtained  by  fitting  to 
the  experimental  room  temperature  data,  or  to  extrapolated  data  pertaining 
to  the  static  crystal,  respectively.  The  harmonic  parameters  are  fitted  to 
the  3  elastic  constants,  to  the  dielectric  constants  c  and  c  ,  and  to  the 

CD 

seven  zone  center  optic  frequencies,  with  additional  input  and/or  assumptions 
as  discussed  below.  For  each  of  the  two  types  of  models,  three  individual 
models,  labelled  A,  B,  and  C,  with  common  harmonic  parameters  can  be  dist inguislied 
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according  to  the  input  used  for  the  determination  of  the  anharmonic  parameters. 

The  input  data  for  models  A,  B,  and  C  consist  of  (3£nc/3p),  c^,  and  the  set 

of  the  three  quantities  (3£ne/3p),  c  ,  and  the  "Cauchy  average"  (c.  0 + c, ,  ) /2, 

lil  11^  lob 

respectively.  As  discussed  below,  models  A  and  B  are  subject  to  additional 
contraints . 

The  values  of  the  harmonic  parameters  for  the  two  models  obtained  by  a 

least  squares  fit  to  the  experimental  data  are  given  in  Table  I.  For  model 

"R.T.",  the  starting  values  of  the  parameters  in  the  least  squares  fit  procedure 

14 

were  taken  from  model  4  of  Stirling,  as  this  model  gave  the  best  agreement 

with  F  point  data.  Further ,  the  values  of  0-0  interaction  parameters  A^  and 

and  the  electronic  polarizabilities  of  Sr  and  Ti  ions  and  a^,  were  held 

14 

fixed  at  the  values  given  by  Stirling.  The  remaining  10  parameters  were 

fitted  to  11  experimental  quantities.  Assuming  a  common  error  of  3  percent 

2 

for  all  input  data  a  x  value  of  33  was  obtained.  As  the  equilibrium  condition 
was  not  invoked,  model  "R.T."  consists  of  axially  symmetric  forces  and  adequately 
reproduces  the  Cauchy  deviation  in  the  elastic  constants. 

For  the  model  "Stat",  the  input  quantities  are  the  extrapolated  quantities, 
of  which  the  values  of  the  low  frequency  dielectric  constant  and  the  squared 
soft  mode  frequency  are  both  negative.  The  equilibrium  condition  was  used  to 
eliminate  one  of  the  short  range  parameters.  It  was  not  possible  to  get  a 

1-5 

least  squares  fit  with  starting  values  from  any  of  the  models  given  by  Stirling. 

Similarly,  it  was  not  possible  to  get  a  good  fit  when  the  TKS  values  of  ionic 
47 

polarizability  were  used.  The  model  now  has  13  parameters  and  there  are  no 
enough  experimental  data  to  fit  all  of  these.  Apriori  there  is  no  way  of  fixing 
the  values  of  any  of  these  parameters.  Therefore,  the  values  of  some  parameters 
two  at  a  time,  and  in  turn  were  held  constant,  while  the  remaining  11  parameters 


were  allowed  to  vary.  After  several  runs  it  was  found  that  the  values  of  the 
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parameters  and  wcre  stable.  Subsequently,  they  were  held  constant,  and 

the  remaining  parameters  were  fitted  to  the  experimental  data.  In  general, 

it  was  not  possible  to  get  a  good  least  squares  fit  with  all  the  data.  A 

reasonable  fit  was  obtained  only  within  a  small  range  of  values  of  the  ionic 

charges  Z^  and  Z^.  Assuming  that  the  extrapolation  to  the  static  crystal 

2 

introduces  an  error  of  10  percent  for  all  input  data  a  x  value  of  26  is  obtained 
for  the  static  model. 

Table  II  lists  the  values  of  the  anharmonic  parameters  of  the  models  A, 

B,  and  C.  The  parameters  and  in  models  A  and  B  were  determined  by 

assuming  the  Born-Mayer  form  for  the  interatomic  potential,  which  leads  to 
2  2 

=  -*/2A1/  |B;l  )  and  =  -/2A^/|B^j.  The  least  squares  fits  were  excellent  in 
all  the  cases  except  for  model  "R.T.-C",  where  a  simultaneous  fit  of  quantities 
3lne/3p,  and  (c^^ +  c166^ ^  could  not  be  obtained  with  reasonable  values 

for  the  parameters  C^,  C2>  and  C^.  Therefore,  model  "R.T.-C"  is  not  included 
in  Table  II. 

It  can  be  seen  from  Table  I  that  the  values  of  the  harmonic  parameters 
of  model  "R.T."  are  very  similar  to  those  for  Stirling's^  model  4.  The 
value  of  is  about  40  times  larger  than  either  or  A^,  indicating  very 
strong  Ti-0  interaction.  The  parameter  values  for  the  static  model  differ 
considerably  from  those  of  model  R-T,  In  the  static  model,  the  Ti-0  inter¬ 
action  is  still  strong  but  is  only  10  times  larger  than  or  only  3  times 
larger  than  A^.  The  0-0  interaction  is  stronger  in  the  static  model  than  in 

the  R.T.  model.  In  fact,  A^  is  2.5  times  larger  than  A^.  On  the  basis  of 

48 

the  ionic  radii  of  Shannon  and  Prewitt  in  relation  to  the  interionic 
distances  one  would  expect  that  the  Ti-0  repulsive  interaction  is  smaller  than 
the  Sr-0  and  the  0-0  interactions,  and  that  the  latter  two  are  of  comparable 
magnitude.  Thus  it  appears  that  the  small  values  of  and  obtained  in 
the  room  temperature  models  results  from  the  fact  that  by  fitting  to  a 
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harmonic  model  the  large  thermal  effects  present  in  the  soft-mode  frequency 

are  lumped  together  with  the  cohesive  contribution.  The  static  and  the  room 

temperature  models  differ  considerably  in  the  values  of  the  ionic  charges 

and  polarizabilities  of  the  ions  as  well.  Both  harmonic  models  are  characterized 

by  large  polarizabilities  for  the  positive  ions,  larger  than  those  of  the  oxygen 

ion.  In  addition,  some  of  the  short  range  polarizabilities  are  negative.  These 

characteristics  were  present  in  the  models  described  both  by  Cowley^  and  by 
14 

Stirling  and  may  arise  from  the  inadequacies  of  the  simple  shell  model 

employed.  The  negative  short  range  polarizability  could  be  attributed  to 

49 

exchange  charges  produced  by  ionic  overlap. 

From  Table  II,  it  can  be  seen  that  there  is  a  large  difference  between 

models  "R.T.-A"  and  R.T.-B",  but  all  the  static  models  "Stat-A",  "Stat-B", 

and  "Stat-C"  are  similar  among  themselves.  The  values  of  and  could 

20 

perhaps  be  compared  with  the  values  given  by  Bruce  and  Cowley  for  the  repulsive 
part  of  the  interaction  and  (in  their  notation),  -230  and  -1600 

respectively,  that  were  obtained  after  correcting  for  the  Coulomb  part  based 
on  formal  ionic  charges.  Although  they  are  of  the  same  order  of  magnitude, 
these  authors  neglect  the  0-0  interaction,  and  their  method  of  obtaining  the 
anharmonic  parameters  is  not  fully  consistent 

The  anharmonicity  of  the  short  range  interactions  (^(R^)  is  characterized 

III  II 

by  the  dimensionless  ratio  R,<t.  /<f>.  .  For  the  Sr-0  interaction  in  the  static 

li  i 

models  this  ratio  has  the  value  of  about  5,  for  the  Ti-0  interaction  the  value 
is  15  to  17,  and  for  the  0-0  interaction  a  value  of  about  3.5  is  obtained. 

Thus  the  Ti-0  anharmonicity  is  largest,  and  the  0-0  anharmonicity  is  comparable 
to  that  of  the  Sr-0  interaction. 


i 
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B.  Comparison  With  Experimental  Data 
1.  Harmonic  Quantities 

In  Table  III,  the  harmonic  properties  at  the  zone  center  calculated  on 
the  basis  of  the  model  "R.T."  and  the  models  "Stat"  are  compared  with  experi¬ 
mental  room  temperature  values  and  extrapolated  static  values,  respectively. 

It  is  apparent  that  the  agreement  with  room  temperature  data  for  the  model 
"R.T."  is  excellent  and  is  much  better  than  that  obtained  by  Stirling^  for 
his  model  4,  in  which  discrepancies  of  up  to  50%  occur  for  the  elastic 
constants  and  for  the  dielectric  constant.  For  the  static  model,  the  agree¬ 
ment  with  the  extrapolated  values  is  still  good,  but  the  deviation  from  the 
Cauchy  relation  is  unaccounted  for  and  the  calculated  value  of  the  dielectric 
constant  is  about  25%  too  small. 

In  Table  IV,  calculated  frequencies  of  the  optic  modes  other  than  the 
soft  mode  are  compared  with  experimental  data  at  room  temperature.  It  is 
apparent  that  for  most  of  the  frequencies  the  agreement  is  good  at  room  tempera 
ture,  and  the  assumption  that  these  frequencies  do  not  change  with  temperature 
is  fairly  well  reproduced  by  the  static  model. 

2.  Anharmonic  Quantities  at  Room  Temperature 

In  Table  V,  the  T.O.E.  constants,  the  pressure  derivative  (32.ne/3p),  the 

electrostriction  constants  and  the  mode  gamma  y  =  -(3£nw  /35-nV)  for  the  soft 

1 

mode  as  calculated  for  the  quasistatic  models  R.T-A  and  R.T.-B  are  compared 

with  the  available  experimental  room  temperature  values.  The  electrostriction 

24 

constant  calculated  from  the  pressure  coefficient  of  the  dielectric  constant 

^  1  /  o 

according  to  =  -[2r0(e-l)  ]  (3c/3p)T  (SI  units)  is  0.045  (m  /C  )  and  agrees 

23 

well  with  the  directly  determined  value.  The  "experimental"  value  of  the 

25 

soft-mode  gamma  y^  lias  been  calculated  from  (.3«nt/3p)T  by  Samara  from  the 
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assumption  that  the  product  e(to^  )  is  independent  of  volume  and  does  not 

therefore  provide  an  independent  check  of  the  theoretical  results.  The 

calculated  mode  gammas  of  the  other  optic  mode  gammas  are  listed  in  Table  IV, 

but  for  lack  of  experimental  data  no  comparison  can  be  made. 

It  can  be  seen  from  Table  V  that  for  model  R.T-A,  the  calculated  values 

of  Q  ,  Q  and  yt  are  in  reasonably  good  agreement,  but  c  differs  by  about 
n  s  i  _  X  J.  X 

45%.  For  model  R.T-B,  there  is  excellent  agreement  for  c.^^,  which  is  fitted, 
but  there  is  very  poor  agreement  with  all  other  quantities.  There  appears  to 
be  a  basic  difficulty  in  fitting  the  T.O.E.  constants  and  (3£nt/3p)  simultane¬ 
ously  by  three  anharmonic  parameters  for  the  room  temperature  model.  As 
mentioned  before,  model  R.T-C  did  not  yield  a  good  least  squares  fit  for 
physically  reasonable  values  of  the  parameters. 

3.  Anharmonic  Properties  for  Static  Crystal 

In  Table  V,  the  T.O.E.  constants,  the  pressure  derivative  of  the 

dielectric  constant  (3£ne/3p),  the  electrostriction  constants  and  the 

soft-mode  gammas  y  as  calculated  from  the  static  models  A,  B,  and  C  are 

compared  with  the  corresponding  extrapolated  experimental  data  pertaining  to 

25 

the  static  crystal.  Following  Samara  ,  the  extrapolated  experimental  value 

shown  for  the  soft-mode  gamma  y  has  been  calculated  from  the  extrapolated 

static  value  of  (3lne/?p)  on  the  basis  of  the  assumption  that  in  the  static 

TO  2 

limit  the  product  c(ui^  )  is  independent  of  volume. 

Since  the  temperature  dependence  of  the  T.O.E.  constants  is  small,  for 
simplicity  the  R.T.  values  are  used  as  the  static  values.  The  extrapolated 
static  value  of  (3vni/3p)  is  obtained  from  equation  (2.6)  by  using  the  room 
temperature  values  of  Samara"-  ’  (3?nc/3p)^,  =  -0.244  *  10  m  /N,  (3tnTc/3p)  = 

-3.9  x  10"9  m2/N,  and  Tc  =  36K. 
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It  is  apparent  that  all  results  for  the  three  models  are  in  much  better 
agreement  among  themselves  than  tor  the  R.T.  models,  and  that  good  agreement 
is  obtained  even  for  those  quantities  that  were  not  fitted,  i.e.  f°r 

model  A  and  (iKnu/dp)  for  model  B.  The  largest  discrepancies  among  the  three 
models  occur  for  Q  .  This  reflects  in  part  the  fact  that  this  quantity  is 
almost  ten  times  smaller  than  Q^,  and  in  part  the  greater  sensitivity  of  Q 
to  changes  in  the  model  parameters.  For  Q^,  the  agreement  between  calculated 
and  experimental  values  is  best  for  models  A  and  C,  for  which  (3?.nt/3p)  was 
fitted.  However,  for  the  best  agreement  is  found  for  model  B,  for  which 
c  but  not  (3 -nc / dp)  was  fitted.  However,  in  view  of  the  larger  spread  of 
the  calculated  results  for  the  three  models  not  too  much  significance  should 

be  attached  to  this  agreement.  Moreover,  the  calculated  values  of  and 

-2 

contain  a  factor  £  .  Since  according  to  Table  III,  the  calculated  static 

value  of  c  Is  20  percent  too  small  it  seems  that  part  of  the  discrepancy  between 
calculated  and  experimental  values  of  and  Qg  arises  from  the  limitations 
already  present  in  the  harmonic  model. 

Tlese  limitations  could  arise  from  the  neglect  0f  many-body  noncentral 
forces.  This  is  consistent  with  the  occurrence  of  a  0.9  percent  deviation  of 
the  elastic  constants  c  and  c  from  their  average  value.  For  the  T.O.E. 


constants  even  larger  deviations  from  the  Cauchy  relations 
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c  =  c 
112  166 


(3.1a) 


and 


c  =  c  =  c 
123  144  456 


(3.1b) 


22  22  11  2 
are  observed.  The  experimental  values  for  c  3nd  c  are  (in  10  N/m  ) 

11*;  lbb 


-7.7  i  1.6  and  -3.0  i  1.2,  respectively,  and  the  calculated  value  of  agrees 

well  with  the  fitted  average  -5.4  of  the  experimental  values  for  and 

situation  is  similar  for  c  •'  and  for  which  the  experimental  values 

1/J  144  4bo 


The 
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are  *"2(in  10^N/m  )  +  0.2  t  4.3,  -8.1  *  2.4,  +0.9  1  2.7,  respectively.  The 
importance  of  three-body  forces  for  the  theoretical  explanation  of  the  photo¬ 
elastic  constants  has  recently  been  demonstrated  for  the  alkali  halides.  ^ 

The  photoelastic  constants  calculated  from  the  present  models  show  considerable 
deviation  from  the  experimental  data^  for  SrTiO^.  However,  as  will  be 
shown  in  Section  L1I.C,  the  contribution  from  the  photoela.stic  constants 
to  the  electrostriction  constants  amounts  to  at  most  a  few  percent  and  is 
therefore  negligible  for  the  purposes  of  the  present  paper. 

It  should  be  noted  that  the  Coulomb  contribution  to  the  T.O.E.  constants 
is  quite  significant  and  e.g.  for  model  C  amounts  to  27,  34,  and  100  percent 
of  the  total  values  for  cf^2’  anc*  C123’  resPectively • 


C,  Pressure  Derivative  of  LST  Relation 
By  differentiating  the  LST  relation  (2.3)  with  respect  to  pressure,  one 
obtains  the  relation 


B 


2e 


® _  r  \  _ 

2  3P  ic.”!2  V  aP 


,3c  -.  ,  r  ,  L0  TO. 
+  L  <Y.  -Y,  > 
2(e°V  -P  i  1  1 


(3.2) 
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where  B  denotes  the  bulk  modulus.  On  the  other  hand,  Samara  has  calculated 

TO 

the  soft  mode  gamma  y  =  y  from  an  equivalent  form  of  the  approximate  relation 

1  1 


J-  (3£)  =  y 
2e2  3P  T1 


(3.3) 


TO  2 

This  relation  follows  from  the  assumption  that  the  product  e(w^  )  is  indepen- 
25 

dent  of  volume.  Comparison  with  equation  (3.2)  shows  that  this  assumption  is 


justified  if  the  first  term  on  the  RHS  of  (3.2)  and  all  mode  gammas  other  than 

TO 

the  soft  mode  gamma  y^  may  be  neglected.  For  SrTiO^  at  300K,  the  first  term 

on  the  RHS  of  (3.2)  has  the  numerical  value'’^  0.0122,  which  is  4  percent  of 

the  LHS.  With  the  exception  of  y^  the  calculated  static  mode  gammas  in  Table  IV 

15 


/ 
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are  less  chan  2  percent  of  Che  calculated  soft-mode  gamma.  Surprisingly, 

however,  for  the  static  crystal  the  calculated  mode  gamma  associated  with  the 

highest  LO  frequency  has  the  large  positive  value  of  49.1  or  16  percent  of 

the  soft-mode  gamma.  Thus  it  appears  that  for  the  static  crystal  Samara's 
25 

assumption  leading  to  (3.3)  is  only  roughly  justified. 

V.  Summary  and  Conclusions 

The  objective  of  the  present  paper  is  to  investigate  whether  for  SrTiO^ 

the  available  first  order  anharmonic  properties  (T.O.E.  and  elec tros triction 

constants)  can  be  accounted  for  on  the  basis  of  a  simple  shell  model  with 

Coulomb  and  short  range  central  force  interactions.  Since  for  soft-mode 

materials,  the  low  frequency  dielectric  cc  istant  at  finite  temperature 

contains  anharmonic  contributions  arising  from  the  self  energy  of  the  soft- 

mode  frequency  the  electrostriction  constants  are  determined  by  higher 

than  first  order  anharmonic  terms.  Therefore,  the  harmonic  ana  anharmonic 

experimental  data,  especially  the  strongly  T-dependent  dielectric  constant 

and  electrostriction  data  were  extrapolated  to  absolute  zero  in  order  to 

investigate  within  the  framework  of  the  model  the  consistency  of  the  first 

order  anharmonic  quantities.  Whereas  for  the  static  crystal,  the  T.O.E. 

constant  c  ^  and  the  hydrostatic  electrostriction  constant  are  found  to 

be  compatible  within  experimental  error,  for  the  remaining  T.O.E.  constants 

and  the  shear  electrostriction  constant  Q  deviations  occur  which  are  attributed 

s 

mostly  to  the  neglect  of  many  body  noncentral  forces.  On  the  contrary,  no 

consistent  fit  of  the  model  to  the  room  temperature  data  for  c  ^  ar,d 

could  be  obtained,  obviously  because  of  substantial  higher  than  first  order 

anharmonic  contributions  to  Q  . 

h 

The  particular  models  considered  are  characcr t  ized  by  parameters  fitted 
to  the  zone  center  properties  onjv.  Verification  of  the  adequacy  of  these 
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parameters  for  describing  the  finite-temperature  renormalized  phonon  frequencies 
and  mode  gammas  in  the  dispersive  range  remains  a  future  task.  Some  noteworthy, 
probably  only  weakly  model  dependent  features  of  the  models  considered  are 

(i)  that  the  Ti-0  short  range  interaction  is  the  dominant  interaction, 

(ii)  that  the  harmonic  part  of  the  0-0  interaction  (neglected  previously^ ’ 
is  even  larger  than  the  Sr-Q  interaction; 

(iii)  that  for  the  Ti-0  interaction  the  anharmonicity  is  about  three  times 
larger  than  for  the  Sr-0  and  0-0  interactions. 
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APPENDIX 

In  the  following,  the  general  equations  for  the  T.O.E.  constants  are 
given  for  the  perovskite  structure,  ABO^,  in  a  form  suitable  for  arbitrary 
valency  of  the  constituent  ions,  and  with  short  range  interactions  of  the 
type  A-0,  B-0,  and  0-0  included. 

The  T.O.E.  constants  are  addtively  composed  of  the  Coulomb  and  short  range 
contributions  according  to  (Brugger's  definition^  in  Voigt  notation): 


c 

Vjv 


X 


Coul  .  S.R. 

C  -f-  r 

UVX  uvx 


(|J,  v,X  =  1,2, .  .  .6)  (A.  1) 


The  Coulomb  contribution  can  be  expressed  as  a  quadratic  form  in  the  effective 
charges  Z^e  associated  with  the  ion  of  type  a  (a  =  1,2,3  denotes  A,  B,  0, 
respectively) , 


Coul 

CpvX 


,  2.  4. 

=  (e  /a  ) 


I 

a,  8*1 


ctB 

VvX 


2  Za 

a  e 


(A. 2) 


Here  a  denotes  the  lattice  constant.  The  charges  satisfy  the  neutrality 
condition: 


Z1  +  Z2  +  3Z3  =  0 


(A. 3) 


aB 


The  coefficients  y  ,  have  been  evaluated  by  Ewald's  method  and  are  listed 
pvX  J 

in  Table  A.l.  It  should  be  noted  that  because  of  the  constraint  (A. 3)  for  each 
set  uvX  only  three  of  the  six  coefficients  y®^  ate  independent. 

For  the  three  types  of  short  range  interactions  considered  their  contribu¬ 
tions  are  given  by: 


Clil"  =  (e2/ [/2(c1+c3) /2  +  C2/2  -  3(A1+3Bl+A2+A3+3B3)]  (A. 4a) 

CU2'  *  (e2/4a4)[y/2(C1+C;})/4  -  3(A3+A3)/2  +  1 1  ( B 1+B 3 )  / 2  +  Bj] 


(A. 4b) 


2U 


S.R. 

123 

O 

=  -  (e*"/4 

.jH)[li1+B.J+li2/4] 

(A. 

,4c) 

S.R. 

166 

S.R. 

C112 

-  (e2/4a4)[8(B1+Il.i)+2B2] 

(A. 

,4d) 

S.R. 

S.R. 

S.R. 

(A. 

,  4e) 

144 

_  _C456 

'  "C123 

Furthermore,  using  the  equilibrium  condition 


12(B.+B.)  +  3B  -  4a  =  0 
13  2  M 


(A. 5) 


with  the  Madelung  constant  given  by 
otu  =  -2.837298(Z^+Z^)  -  12.007  Z2  -  0.575595  Z„Z,  -  1.603872  Z,Z„  -  3 

M  I  Z  3  13  1  Z 

(A. 6) 

54 

the  Cauchy  relation  equations  (3.1a)  and  (3.1b)  are  obtained. 
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TABLE  I 


Parameters  for  the  Room  Temperature  (R.T.)  and  the  Static  (Stat.)  Harmonic 
Models  (in  Standard  Shell  Model  Notation). 


a  Values  taken  from  Ref.  14. 
b  Values  read  in  as  explained  in  text 


c  Fixed  by  equilibrium  condition. 
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TABLE  II 

Parameters  for  Anharmonic  Models. 


Parameter 

R 

T. 

Stat . 

A 

B 

A.. 

B 

C 

C1 

-26.58 

-26.58 

■ 

-84.95 

-84.95 

-80 . 29c 

C2 

-2910. 5a 

-4693. 5b 

a 

-3565.0 

-3764. 5b 

r 

-3779.1 

C3 

-79.24 

-79.24 

-133.64 

-133.64 

-127. 94C 

a  Fitted  to  3£ne/3p. 
b  Fitted  to 

c  Fitted  to  3i.ne/3p,  c  ^  and  +  C166^^’ 


f 


1 
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TABLE  III 

Comparison  of  Experimental  Extrapolated  and  Calculated  Values  of  Elastic 
11  2 

Constants  (10  N/m  ),  Relative  Dielectric  Constants  and  Soft  Mode  Frequency 
(10^  rad/sec)  . 


Constant 

R.T. 

Stat. 

Experimental 

Calculated 

Extrapolated 

Calculated 

C11 

3.30a 

3.86 

3 . 3376 

3.15 

C12 

i.oia 

1.01 

1 . 050e 

1.12 

C44 

1.243 

1.29 

1.2656 

1.12 

e 

301b 

304.5 

-2297. 6 

-1852. 

z 

CO 

5.5C 

5.71 

5.5 

5.36 

1.652d 

1.66 

i  x  0.605e 

i  x  0.542 

a  Ref .  44 . 
b  Ref.  51. 
c  Ref.  52. 
d  Ref.  6. 

e  Extrapolated  according  to  the  procedure  explained  in  text. 
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Frequencies  (10  rad/sec)  and 
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lBLE  IV 

e  Gammas  for  Temperature  Independent  Optic 
Frequencies  Refer  to  Room  Temperature. 


03  . 

1 

Yi 

R.T. 

mm 

R.T. -A 

Stat .-C 

3.27 

1.95 

0.3 

0.33 

3.34 

2.61 

1.48 

-0.02 

5.01 

5.20 

-1.19 

-0.43 

5.01 

5.20 

-1.19 

-0.43 

9.08 

8.70 

0.10 

3.88 

10.54 

9.12 

1.82 

2.42 

15.29 

15.09 

0.61 

49.14 
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TABLE  V 

11  2 

T.O.E.  Constants  (10  N/m  ),  Logarithmic  Pressure  Derivative  of  the  Dielectric 

-9  2  4  2 

Constant  (10  m  /N) ,  Electrostriction  Constants  (m  /C  )  and  Soft-Mode  Gamma. 


Quantity 

R.T. 

Stat . 

Exp . 

A 

B 

Extrap . 

A 

B 

C 

Clll 

-49.6  ±  4.3a 

-27.50 

-49.6 

-49.6 

-47.1 

-49.6 

-49.6 

C 112 

-7.7  ±  1.63 

-5.96 

-5.96 

-7.7 

-4.7 

-4.7 

-4.6 

C123 

0.2  ±  4.3a 

-1.93 

-1.93 

0.2 

-1.2 

-1.2 

-1.2 

(3inc/3p) 

-0 . 244b 

-0.244 

-1.86 

4.086 

4.08 

4.71 

4.08 

* 

X 

0.050Ci0.01 

0.046 

0.99 

0.103® 

0.125 

0.143 

0.125 

i 

0.095C 

0.076 

0.51 

-0.013® 

-0.076 

-0.031 

-0.039 

^  1212 

— 

0.001 

0.001 

— 

0.011 

0.011 

0.011 

yt. 

21.5 

20.1 

182.0 

-368.0 

-306.2 

-366.6 

-307.8 

1 

Qh  “  Qllll  +  2Q1122 


Qs  "  Qllll  "  Q1122 


a  Ref.  22. 
b  Ref.  24. 
c  Ref.  23. 
d  Ref.  25 

e  Ref.  53  (calculated  from  R.T.  values  of  Ref.  23). 
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TABLE  A. 1 


Coulomb  Sums 


aB 

YpvX 


Representing  Sublattice  Contributions  to  T.O.E. 


Constants . 


aB 

p  vX 

11=22 

33 

23 

13 

12 

111 

-13.49607 

-1.14830 

-68.28874 

38.62021 

30.91960 

112 

1.48934 

-2.99360 

5.78015 

-1.47442 

-0.46522 

123 

0.24310 

1.45298 

3.39776 

0.72366 

-3.60030 

166 

0.54361 

-1.00868 

5.58816 

-2.63941 

-0.99990 

144 

1.18889 

5.45512 

3.58984 

1.88844 

-3.06570 

aB  aB 
Y123  =  Y456 


K.  Uchino, 
Materials. 
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Electrostriction  in  Perovskite  Crystals  and 
Its  Applications  to  Transducers 

Kenji  Uchino  and  Shoichiro  Nomura 
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Ookayama,  Meguro-ku,  Tokyo  152,  Japan 
and 

Leslie  E.  Cross  and  Robert  E.  Newnham 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802,  USA 

ABSTRACT 

Electrostrictive  materials  for  displacement  transducers  are  reviewed, 
including  preparative,  theoretical,  and  design  studies.  Several  empirical 
rules  have  been  deduced  from  investigation  of  electrostrictive  effects  in 
ferroelectric,  antiferroelectric,  and  non-polar  perovskites.  Consistent  with 
these  criteria,  the  relaxor  ferroelectric  0. QPMMgj^Nb^y^^-O' lPbTiO^  has 
been  shown  to  possess  much  larger  strain  with  lower  hysteresis,  aging  effects, 
and  thermal  expansion  than  commercial  piezoelectric  PZT.  Using  a  multilayer 
configuration,  we  have  developed  a  mirror-control  device  capable  of  large 

_3 

strains  up  to  AL/L'''  10  with  only  200V  applied. 
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Recenc  requirements  for  new  diaplacive  transducers  with  lower  hysteresis 
and  aging  effects  than  conventional  PZT  based  ceramics  have  prompted  the  develop¬ 
ment  of  a  new  family  of  electrostrictive  ceramics  for  these  applications.^  In 
this  paper  we  review  the  properties  of  electrostrictive  transducers,  including 
recent  experimental  and  theoretical  studies. 

Electrostriction  is  a  measure  of  the  strain  resulting  from  ionic  displace¬ 
ments  caused  by  an  applied  electric  field.  In  most  centric  crystals,  the  induced 
shifts  of  equivalent  ions  almost  cancel  one  another,  with  only  the  differences 
arising, from  anharmonicity  creating  strain.  It  is  thus  not  unreasonable  to  ex¬ 
pect  interrelations  between  anharmonic  effects  such  as  thermal  expansion  and 
electrostriction.  Figure  1  shows  the  thermal  expansion  coefficient  oc  plotted 
against  the  hydrostatic  electrostriction  coefficient  (=Q  +2Qj^)  f°r  mate_ 

rials  of  isotropic  or  cubic  symmetry.  The  power  relation 

a  -  A. 2  x  10~5  Q,  °'5  (1) 

n 

2) 

was  obtained  from  this  graph  (empirical  rule  I) . 

There  are  several  experimental  methods  for  determining  the  electrostriction 

coefficients.  Direct  measurements  of  field- induced  or  spontaneous  strain  in- 

3) 

elude  optical  methods  (interferometer,  optical  lever,  optical  grids),  x-ray 

A)  5) 

methods,  electrical  methods  ( capacitance  dilatometer  ’  '*  differential  trans¬ 
former  dilatometer^  ’ ^ )  and  strain  gauge  methods.^  Pressure  gauge  methods, 
measurements  of  the  permittivity  variation  with  pressure^ and  induced- 
piezoelectric  resonance  techniques^ are  indirect  methods.  Figure  2  shows 
an  example  of  a  strain  gauge  determination  of  longitudinal  electrostrictive 
strain  in  single  crystals  of  the  relaxor  ferroelectric  perovskite  PMMg^^Nb^po^, 
measured  as  a  function  of  applied  electric  field  at  various  temperatures  above 

g\ 

the  Curie  point.  Experimental  values  of  the  electrostriction  coefficients 
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and  Q^2  are  plotted  as  a  function  of  temperature  in  Figure  3.  It  is 
evident  that  the  electrostriction  coefficients  do  not  change  significantly 
through  the  relaxation  temperature  range.  The  values  of  the  coefficients  ob¬ 
tained  by  different  experimental  techniques  are  in  good  agreement  with  each 
other. 

In  Table  I,  hydrostatic  electrostriction  coefficients  Q.  and  Curie-Weiss 

h 

constants  C  are  summarized  for  various  kinds  of  oxide  perovskite  crystals: 
simple,  disordered,  partially  ordered  and  ordered  ferroelectrics ,  antiferro- 
electrics  and  non-polar  dielectrics.  Sources  of  the  original  experimental 
data  are  listed  in  references  8,  10,  and  12.  The  magnitude  of  the  electrostric¬ 
tion  coefficient  is  not  affected  strongly  by  ferroelectricity,  antiferroelec- 
tricity,  or  non-polar  behavior,  but  is  very  dependent  on  the  degree  of  order 
in  the  cation  arrangement.  An  empirical  rule  II  is  proposed  that  states  "the 
electrostrictive  Q  coefficient  increases  with  cation  order  from  disordered, 
through  partially  ordered,  simple  and  then  ordered  perovskites. "  The  decrease 
in  the  Curie-Weiss  constant  with  increase  in  the  degree  of  cation  ordering  is 
also  correlated  with  electrostriction.  This  leads  to  empirical  rule  III,  "the 
product  of  the  electrostriction  coefficient  Q  and  the  Curie-Weiss  constant  C 
Is  nearly  constant  for  all  ferroelectric  and  antiferroelectric  perovskites 
(Q^C  =  3.1  (±0.4)  x  10  in  C  K)."  We  have  proposed  an  intuitive  crystallo¬ 
graphic  model  to  explain  the  "constant  QC  rule."  Figures  4(a)  and  (b)  show 

the  ordered  and  disordered  structures  for  an  A(BT  B  T  )0.  perovskite  crystal. 

1/2  1/2 

Assuming  a  rigid  ion  model,  a  large  "rattling"  space  is  expected  for  the 

smaller  B  Ions  in  the  disordered  structure  because  the  larger  B  ions  prop  open 

the  lattice  framework.  Much  less  rattling  space  is  expected  in  the  ordered 

arrangement  where  neighboring  ions  collapse  systematically  around  the  small  B 
13) 

ions.  When  an  electric  field  is  applied  to  a  disordered  perovskite,  the  B 
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ion  with  large  rattling  space  can  shift  easily  without  distorting  the  oxygen 
framework.  Larger  polarization  can  be  expected  for  unit  magnitude  of  electric 
field,  causing  larger  dielectric  constants  and  larger  Curie-Weiss  constants. 

Under  these  circumstances,  smaller  strains  are  expected  per  unit  magnitude  of 
polarization,  resulting  in  lower  electrostriction  coefficients.  On  the  other 
hand,  in  ordered  perovskites  with  very  small  rattling  space,  the  B  ions  cannot 
move  easily  without  distorting  the  oxygen  octahedron.  A  smaller  Curie-Weiss 
constant  and  a  larger  electrostriction  coefficient  are  expected.  The  measure¬ 
ments  on>  solid  solution  systems  are  also  very  suggestive.  The  results  for 
Pb(Mg1/3Nb2/3)03-PbTi03  6)’7)  Pb(Mgl/3Nb2/3)03-Pb(Mgl/2W1/2)039)  and  SrTiO^ 

indicate  that  the  electrostriction  coefficients  decrease  substan¬ 
tially  with  increasing  rattling  space. 

2 

Since  the  figure  of  merit  for  electrostrictive  strain  is  Qe  (e: permittivity) 

2 

or  QC  (eliminating  temperature  dependence),  and  the  product  QC  is  nearly  constant 
for  all  ferroelectric  perovskites,  disordered  perovskites  with  large  Curie-Weiss 
constants,  but  small  electrostriction  coefficients,  are  preferred  to  the  usual 
perovskites  (e.g.  Pb(Zr,Tl)C>3  or  BaTi03  based  ceramics)  for  practical  applica¬ 
tions.  The  relaxor  ferroelectric  chosen  for  study  is  Pb(Mg3^3Nb2^3)03>  which 
itself  is  superior  to  conventional  modified  BaTi03  ceramics  in  its  electrostric¬ 
tive  response.7^  The  response  can  be  further  improved  if  the  Curie  range,  which 
is  below  room  temperature  in  Pb(Mg3^3Nb2^3)03,  is  shifted  to  slightly  higher 
temperature.  The  Curie  range  of  the  solid  solution  0.9Pb  (Mg^^Nb^^C^-O.lPbTiC^ 
extends  from  0°C  to  40°C.  Using  a  differential  transformer  dilatometer,  the 
transverse  electrostrictive  strain  was  measured  along  the  length  of  a  thin  ceramic 
rod,  subject  to  DC  bias  fields  applied  in  a  perpendicular  direction  (Figure  5).^ 
The  relaxor  ceramics  are  anhysteretic  and  retrace  the  same  curve  with  rising 
and  falling  fields.  For  comparison  the  piezoelectric  strain  of  a  hard -PZT  8 


I 


j-f- 
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under  cyclic  fields  is  also  plotted  in  Figure  5.  This  material  has  often 
been  used  in  the  fabrication  of  active  optical  components. Field-induced 
strains  in  0.9Pb(Mg1/3Nb2/3)03-0.1PbTi03  are  larger  than  those  in  PZT  and  far 
more  reproducible  under  cyclic  drive  conditions.  An  additional  merit  is  that 
electric  poling  is  not  required. 

Another  interesting  property  of  relaxor  f erroelectrics  is  the  very  small 

thermal  expansion  effect  throughout  the  Curie  range,  as  predicted  from  empirical 
2 

rule  I  (a  “  Q)  .  The  thermal  expansion  coefficient  of  0.  QPMMgj^Nb^^C^-O.lPbTiC^ 
in  the  temperature  range  -100°C  to  +100°C  is  less  than  1  x  10~6  K-1,  comparable 
to  the  best  low  expansion  ceramics  or  fused  silica.  The  thermal  strains  are 
far  smaller  than  the  electrostrictive  strains,  which  is  extremely  advantageous 
for  micropositioner  applications. 

The  multilayer  technology  used  in  the  capacitor  industry  is  one  of  the 
important  factors  prompting  the  development  of  new  electrostrictive  devices. 

The  electric  field  across  alternate  layers  is  of  opposite  direction,  but  the 
displacive  responses  are  additive.  In  a  piezoelectric  device  of  fixed  total 
thickness,  the  total  displacement  for  a  given  voltage  is  proportional  to  the 
number  of  layers.  On  the  other  hand,  in  an  electrostrictive  device  the  total 
displacemnt  is  proportional  to  the  square  of  the  number  of  layers,  far  more 
effective  than  in  a  piezoelectric  material.  Internally  electroded  ten-layer 
devices  with  a  total  thickness  of  2.5  mm  were  prepared  by  standard  tape  casting 
techniques  using  calcined  0. 9Pb(Mg1^3Nb2/ 3)03-0.1PbTi03  powder  and  a  commercial 
doctor  blade  medium. A  mirror  control  device  has  been  constructed  from 
10  ten-layer  ceramics  bonded  together.  With  only  200V  applied,  the  device 

_3 

develops  large  displacements  up  to  AL  'v  25  ym(AL/L  M.0  )  with  very  high 

reproducibility  under  cyclic  fields.  The  total  displacement  of  about  25  yim  is 
an  order  of  magnitude  larger  than  that  of  commercial  piezoelectric  transducers 
(e.g.  PZT-5H,  25  mm  plate  using  and  introduce  a  new  class  of 
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micropositioner  devices.  With  further  refinement  of  the  tape  casting  process, 
it  is  probable  that  the  driving  voltage  can  be  further  reduced  to  less  than  40V. 

In  the  inverse  electrostrictive  effect,  that  is,  the  pressure  dependence 
of  dielectric  constant,  a  sensitive  pressure  characteristic  has  also  been  ob¬ 
served  in  the  same  material.  Applications  of  this  electrostrictive  material 

18) 

for  pressure  gauges  and  heavyweight  detectors  are  also  very  promising. 
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Table  I.  Electrostrlctlve  coefficients,  Curle-Welss  constants  and  their  product  values  for  various  perovsk1te«type 
crystals. 
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Figure  Captions 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Thermal  expansion  coefficient  a  plotted  as  a  function  of  hydro¬ 
static  electrostriction  coefficient  Q,  for  various  materials.  The 

h 

straight  line  has  slope  0.5. 

Electric  field  dependence  of  the  longitudinal  electrostriction  in 
Pb(Mg1^N^2/3^°3  at  var^-ous  temperatures  (strain  gauge  methods). 
Temperature  dependence  of  the  electrostriction  coefficients  of 
Pb(Mg1^Nb2^)°3  single  crystals. 

Crystal  structure  models  of  the  A(B  B  )0~  type  perovskite: 

1l/2  iil/2  3 

(a)  Ordered  structv.re  with  a  small  rattling  space. 

(b)  Disordered  structure  with  a  large  rattling  space. 

Transverse  strain  in  ceramic  specimens  of  0. 9Pb(Mg1^3Nb2^)O^-0.1PbTiO^ 

(a)  And  a  typical  hard  PZT  8  piezoceramic. 

(b)  Under  slowly  varying  electric  fields. 


THERMAL  EXPANSION  COEFFICIENT  OC  ( 


Electric  Field  (  kV  /  cm  ) 


Electric  Field 
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Lead  magnesium  niobate  and  lead  scandium  tantalate  are  ferroelectric 

crystals  which  exhibit  diffuse  or  broadened  phase  transitions  and  a  Lerro- 

1  2 

electric  Curie  range  ’  .  The  tantalate  crystal  is  of  special  interest,  as 
3 

it  has  been  shown  that  the  state  of  ordering  of  the  two  B  site  cations  in  the 
ABO^  perovskite  structure  can  be  modified  by  suitable  thermal  treatment. 

The  growth  procedure  for  the  Pb(ScQ  5TaQ  ^>0^  (PST)  was  as  follows: 

PST  powder  was  first  made  by  wet-mixing  stoichiometric  proportions  of 
the  constituent  oxides  (PbO,  Sc2C>3,  Ta20^) ,  ball  milling  for  20  hours  under 
alcohol,  drying,  then  calcining  at  800°C  for  two  hours.  The  calcined  powder 
was  then  reground  and  fired  at  1300°C  for  one  hour  to  ensure  complete  reac¬ 
tion.  X-ray  diffraction  of  the  final  powder  showed  the  expected  perovskite 
structure  with  small  traces  of  a  pyrochlore  structure  phase. 

The  flux  that  proved  most  successful  was  a  mixture  of  PbF2-Pb0-B203 
used  in  the  ratio  by  weight  PST:PbO:PbF2:B203  =  0.15:0.40:0.40:0.05.  The 
thermal  cycle  used  was  a  rapid  heating  to  1250°C,  soaking  at  that  tempera¬ 
ture  for  four  hours,  cooling  at  3°C/hour  to  1,000°C,  5°C/hour  to  900°C  and 
then  50°C/hour  back  to  room  temperature. 


For  lead  magnesium  niobate  (PMN) ,  the  growth  procedure  was  rather  similar 


as  follows: 

PMN  powder  was  prepared  from  the  mixed  oxides.  Again  a  low  initial  firing 

was  found  advantageous  in  limiting  the  formation  of  the  undesired  pyrochlore 

phase  which  can  form  in  this  system.  The  flux  used  was  a  PbOiI^O^  mixture  and 

4 

the  ratios  were  similar  to  those  chosen  by  Bonner  and  Van  Uitret  for  pulling 
PMN  by  Kyropulos  technique.  The  growth  temperature  cycle  in  our  case  was  rapid 
heating  to  1150°C  soaking  for  two  hours  at  that  temperature,  cooling  at  3°C/hour 
to  950°C,  5°C/hour  to  800°C  followed  by  50°C/hour  back  down  to  room  temperature. 

In  this  case  the  flux  was  not  poured  off  after  growth  and  the  crystals 
were  extracted  from  the  matrix  by  dissolution  in  hot  dilute  nitric  acid. 

The  furnace  arrangement,  which  has  been  described  in  more  detail  else¬ 
where^,  was  an  alumina  tube  type,  heated  by  silicon  carbide  elements.  The  growth 
cycle  was  programmed  by  a  5600  p  Data  Track  Microprocessor  based  programmer  with 
blend  and  master  stations  controlling  a  Research  Inc.  analogue  power  controller. 

A  listing  of  the  general  features  of  the  grown  crystals  is  given  in  Table  1. 
Rod-like  PMN  crystals  have  been  previously  grown  from  PbO  flux  (3:2PbO:PMN)  by 
25°/hr  cooling  in  the  1200°  -  900°  range.  Our  crystals  have  the  form  of  simple 
cubes  with  well  developed  100  faces  (Fig.  la).  The  PST  crystals  have  a  similar 
morphology  (Fig.  lb)  but  the  unit  cell  is  smaller  than  that  reported  earlier^ 
and  is  similar  to  that  measured  on  PST  powders  formed  by  solid  state  reaction. 

Dielectric  constant  was  measured  as  a  function  of  temperature  as  a  means 
for  evaluating  the  diffuseness  of  the  phase  transition  (Figure  2).  This  was 
done  Ly  measuring  the  capacitance  at  frequencies  of  1,  10,  and  100  KHz  with  an 
automatic  capacitance  bridge  (Hewlett  Packard  4270A) . 


J 


Table  1.  General  description  of  PST  and  PMN. 


Property 

PST 

PMN 

Color 

Yellow 

Yellow 

Shape 

Cube 

Cube 

Edge  Size 

1-3  mm 

1 

1-3  mm 

Plane  of  Surface 

(100) 

(100) 

Unit  Cell  Size 

;  4.073A 

4.020A 

Tc 

14  °C 

1 

00 

o 

o 

The  £  of  PST  has  a  much  higher  value  than  the  previously  reported 
max 

2 

value  of  14 00  for  polycryscalline  samples  .  The  transition  temperature 
(Tc  =  13°C)  is  also  lower  than  the  reported  transition  for  ceramic  PST. 

The  transition  of  PST  is  sharper  than  that  of  PMN,  which  is  a  classical 
relaxor.  Also,  the  frequency  dependence  of  the  transition  temperature  is 
almost  negligible  for  PST.  There  is,  however,  a  strong  suppression  of  the 
dielectric  constant  with  increasing  frequency.  Curie  constant  as  calculated 
far  above  the  transition  temperature  is  2.5  x  10~*  for  PST.  This  number  is 
between  the  typical  values  for  the  order  ferroelectric  (1  x  10^)  and  the 
values  for  ferroelectric  relaxors  (4.5  x  10^  for  PMN). 
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FIGURE  CAPTIONS 

Fig.  1.  Crystals  of  PMN  (a)  and  PST  (b)  as  grown. 

Fig.  2.  Dielectric  constant  and  dielectric  loss  of  PMN  (1,3)  and  PST  (2,4) 
single  crystals. 
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Simple  crystal-chemical  arguments  were  used  to  suggest  that  in  the  ferroelectric  perovskite 
lead— scanium— tantalate  (PbSc0  sTa0  50,)  the  B-site  cations  in  this  simple  AB03  struc¬ 
ture  should  be  close  to  the  boundary  between  order  and  disorder.  Both  polycrystal 
ceramic  and  single  crystal  materials  of  this  composition  have  been  grown.  In  this  study 
X-ray  powder  diffraction  is  used  to  identify  the  strong  superlattice  reflections  associated 
with  the  ordering  of  scandium  and  tantalum  ions  in  the  B-site,  and  to  demonstrate 
quantitatively  how  the  degree  of  ordering  can  be  modified  by  suitable  thermal  treatment. 
Thermal  changes  associated  with  the  ferroelectric  Curie  temperature  have  been  measured 
by  differential  scanning  calorimetry  and  show  very  clearly  the  manner  in  which  the  dif¬ 
fuse  (broadened)  transition  in  this  crystal  is  sharpened  by  increase  in  the  B-cation  order¬ 


ing. 


1.  Introduction 

A  number  of  ferroelectric  compounds  and  solid 
solutions  of  complex  composition  in  t fie  perov- 
skitc  and  tungsten  bronze  families  exhibit  a 
characteristic  low-frequency  dielectric  dispersion 
and  several  unusual  associated  dielectric,  optical 
and  thermal  properties  |1  3].  Materials  with  this 
characteristic  “relaxor-typc"  behaviour  and  associ¬ 
ated  properties  are  often  referred  to  as  ferro- 
elect.  .s  with  diffuse  or  broadened  phase  tran¬ 
sitions  [4).  One  possible  explanation  for  the 
“smearing”  of  the  normally  sharp  ferroelectric 
phase  change  [4]  is  in  the  statistical  composition 
fluctuations  which  must  occur  if  crystallograph- 
ically  equivalent  sites  are  occupied  randomly  by 
different  cations  A  statistical  treatment  based  on 
a  postulated  Gaussian  distribution  of  local  (  line 
temperatures  associated  with  composition  fluctu¬ 
ations  has  been  given  by  Rolov  [5]  and  does  pro¬ 
vide  reasonable  agreement  with  experiment.  Some 
experimental  support  suggesting  a  sharpening  of 
the  transition  with  increasing  order  in  the  cation 
airangement  can  be  found  from  data  on  several 
different  solid-solutions  |3).  but  a  clear  resolution 
of  the  problem  is  masked  b>  the  changing  compo¬ 
sitions  used  in  these  studies. 


In  the  following,  simple  crystal  chemical  prin¬ 
ciples  have  been  used  to  suggest  a  compound, 
lead  scandium  tantalate  (PST)  which  should  be 
on  the  boundary  between  the  ordered  and  dis¬ 
ordered  B-site  cation  arrangements.  Powders, 
cet antics  and  single  crystals  of  PST  have  been 
grown.  Tins  paper  describes  the  crystal-chemical 
arguments  used  in  selecting  PST.  and  the  X-ray  dif¬ 
fraction  studies  which  establish  that  the  degree  of 
disorder  in  the  B-site  cation  arrangement  can  be 
controlled  by  suitable  thermal  treatment.  To 
demonstrate  that  ordering  of  the  B-cations  does 
effect  the  sharpness  of  the  ferroelectric  transitions 
at  the  Curie  temperature,  differential  scanning 
calorimetry  has  been  used  to  delineate  the  associ¬ 
ated  thermal  changes  in  samples  with  identical 
composition  but  different  degrees  of  ordering. 

In  subsequent  papers  the  influence  of  the  ordet- 
mg  upon  the  dielectric,  ferroelectric  and  elasto- 
elecuic  properperlies  of  single  crystals  and  ceramics 
will  be  discussed. 

2.  Crystal-chemical  considerations 

The  simple  crystal  chemical  arguments  used  to 
elaborate  the  structure  and  chemistry  required 
may  be  briefly  summarized  as  follows: 
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(1)  Structure:  In  order  to  reduce  the  energy  for 
ordering,  a  simple  structure  is  preferred.  There  is 
some  evidence  in  the  literature  [6]  that  the  Curie 
temperature  and  the  degree  of  ordering  may  be 
changed  by  annealing  in  some  tungsten  bronze 
structure  ferroelectrics.  However,  the  perovskite  of 
the  form  A(B  H")0 j  is  a  considerably  simpler  form 
and  is  therefore  prefer  led 

(2)  Cation  ratio  [he  same  aigument  of  sun 
plicity  to  reduce  ordering  energy  would  suggest  a 
cation  ratio  H  U  1/1  and  thus  eliminate  the 
classical  relaxors  like  Phi.Mg;  Nb- )(), 

f'ICluige  on  B-site  ions  l-uge  ditteien.  -s  m 
the  valence  between  H‘  and  H".  as  m  PhMg„5W.,s(  . 
result  in  a  veiy  strong  tendency  to  order  thn-u^i 
electrostatic  forces  In  the  rase  of  niet. . idil  c ti  ■. ■  ges 
the  correlation  eneigy  is  related  to  cate  l  si/e  |7| 
Ihus,  an  appropriate  compromise  rniglit  suggest  an 
A(  B,*  s Bos )Oj  composition. 

(4)  B  site  ion  si/e  Materials  with  large  size 
differences  in  the  B-cations  are  driven  strongly 
tow  arils  ordering  by  elect  r  ic  tor,  es.  whilst  materials 
with  nejr  identical  cation  si/e,  for  example 
Ba(  Feu  5  Sh0  s  10) .  may  stay  disordered  even  utter 
long  annealing.  Gallaso  and  Darby  [8|  suggest  tor 
Ba(  M0  sNb0  5)Oj  structures  that  the  critical  differ¬ 
ences  in  Ahrens  radius  for  ordering  must  lie 
between  7  and  17'T. 

(5)  A-site  ion  size  The  role  of  the  A-sitc  ion  in 
modulating  the  interaction  may  be  seen  by  com¬ 
paring  the  disordered  PblZn^NbrlOj  and 
Ba(Zn-Nb‘)0)  with  the  corresponding  ordered 
Sri Zn  i  Nb; )0j.  As  would  be  expected,  reducing 
the  size  of  A-site  cation  enhances  the  elastic  drive 
towards  ordering  on  the  B-site 

Similar  arguments  could  be  advanced  in  con¬ 
sideration  of  (A’A")B03  perovskites,  but  the 
smaller  base  of  available  experimental  data  would 
make  system  selection  more  difficult. 

To  facilitate  the  selection  of  a  suitable  bound¬ 
ary  composition,  at  the  edge  of  stability  for  order 
mg,  structural  data  were  collected  from  the  litera¬ 
ture  for  about  150  compounds  with  the 
ABo5BosO)  composition.  A  computer  program 
tabulated  the  ionic  radii  RA,  Rg,  Rg,  and  the 
information  on  ordering  A  small  section  of  the 
tabulated  data  is  given  in  Table  1. 

Taking  consideiation  also  of  the  known  ferro¬ 
electric  properties,  the  tabulation  clearly  suggested 
Pb(Sci)  sNh0  00)  as  a  suitable  starting  candidate 
Since,  however,  it  would  be  desirable  to  be  able 
to  use  X-ray  diffraction  to  delect  B-site  order,  a 


composition  with  a  larger  difference  in  atomic 
numbei  (scattering  power)  between  B-site  ions 
would  be  desirable  Since  Pb(Sc0  sTa0  5)03  (PST) 
is  also  ferroelectric,  with  a  convenient  Curie  range 
near  mom  temperature  and  with  very  similar 
valence  and  size  characteristics  for  its  ions,  this 
crystal  was  chosen  for  the  initial  study. 

3.  Experiment 

3  1.  Sample  preparation 

Powdeis  of  the  PST  composition  were  prepared 
from  stoichiometric  proportions  of  the  constituent 
oxides.  PbO,  ScjO)  and  Ta205  using  reagent  or 
high  purity  grade  chemicals.  Following  ball  milling 
under  alcohol  for  20  hours,  the  milled  powders 
were  dried,  then  calcinated  at  800°  C  for  2  hours. 
The  calciruted  powder  was  then  regtound,  pressed 
into  pellets  and  tired  at  1300”  C  for  1  hour 

The  degree  of  ordering  in  the  Sc  Ta  occupied 
B  sites  was  controlled  by  thermal  annealing  for  dif¬ 
ferent  time  periods  at  1000°  C  Disorder  was 
induced  by  a  short  tiring  to  between  1400  and 
1560’  C  followed  by  rapid  quenching.  It  may  be 
noted,  however,  that  the  ease  with  which  the  state 
of  ordering  could  be  changed  depended  markedly 
upon  the  thermal  prehistory  of  the  sample.  To 
avoid  chemical  differences  between  samples,  weight 
loss  throughout  all  thermal  treatments  was  kept 
below  1  wt  %. 

3  2.  Ordering  studies 

X-ray  diffraction  was  used  to  establish  quantita¬ 
tively  the  degree  of  ordering  in  the  scandium  and 
tantalum.  In  the  ordered  form,  scandium  and  tan¬ 
talum  ions  alternate  in  adjacent  B-sitcs.  forming 
two  interpenetrating  sublattices  and  giving  an 
effective  doubling  of  the  primitive  u-spacing.  Thus 
the  X-ray  diffraction  pattern  is  characterized  by 
the  appearance  of  superlattice  reflections  corres¬ 
ponding  to  half-integer  spacing  of  the  disordered 
structure. 

X-ray  diffraction  patterns,  scanned  at  a  rate  of 
0.2°  min'1,  were  taken  using  a  General  Electric  dif¬ 
fractometer  using  CuKa  radiation.  Two  super- 
lattice  reflections  (111)  and  (3  11)  were  com¬ 
pared  with  adjacent  normal  lattice  reflections 
(2  00)  and  (2  2  2)  respectively  (indices  refer  to  the 
double-cell  unit  cell).  The  order  parameter  5  for  a 
particular  sample  was  determined  by  comparing 
the  ratio  of  the  observed  superlattice  reflection  to 
the  base  lattice  reflection  for  that  sample  with  the 
calculated  ratio  of  intensities  for  petted  ordering 


3 


7  A  b  l  l  l  I  >);■  Tt  i: 

tlu>n  i>t*J  w  ven  i>nic*my 

and  jpjjk- 

sue  oi  A  and  is  jum  jn  Alb* 

41  H„  .Nt  ,lO. 

Ionic  radii* 

(  J'dci  oi 

Reference 

A 

B 

B 

phase 

CalNbAllO, 

1  49 

0  78 

0.67 

ordered 

m 

SrtNbAIrO, 

1  54 

0  78 

0.67 

ordered 

[10] 

Bal  NhAllO , 

1.74 

0.78 

0.67 

ordered 

[10) 

f'MNbNirO, 

1  63 

0.78 

0.74 

draudered 

111] 

Rat  NbNuO , 

1  74 

0  78 

0.74 

disordered 

1 1  21 

CalNbOiO, 

1  49 

0.78 

0.755 

disordered 

|9| 

Srf  NbCrK) , 

1  54 

0.78 

0.755 

ordered 

1121 

C’a(  Nbf  e)0 , 

1  49 

0  78 

0.755 

disordered 

19] 

Srf  N'hle/Oj 

1  53 

0.78 

0.755 

disordered 

[13] 

i*b(  NbieiO , 

1.63 

0  78 

0.755 

disordered 

[14) 

BatNbl  e)0 , 

1  74 

0.7  8 

0.755 

disordered 

(14) 

I'WNbMnlO  . 

1  63 

0  78 

(1.785 

disordered 

[IS] 

Bat  S'bVnlO , 

1  74 

0.78 

t>  785 

disordered 

|16J 

Si(  NbSoO , 

1.54 

0.78 

0  88S 

ordered 

f  10) 

I’WNbSoO, 

1.63 

0.78 

0.885 

|  partly  ordered 

[OI 

1  disordered 

1 14] 

Bat  NbSe)0 , 

1  74 

0.78 

0.885 

j  disordered 

1 14) 

l  ordered 

DO) 

(a(Nbln)O, 

1  49 

9.78 

0.94 

ordered 

1 9 ) 

Sr(M>In)0  , 

1.54 

0.78 

0  94 

ordered 

[9] 

f'h IMilwO, 

!  63 

0.78 

0.94 

disordered 

IOJ 

Bui  NblmO , 

1  74 

0.7  8 

0  94 

j  ordered 

1 1«1 

|  partly  ordered 

Ca(  NbYbrO , 

1.49 

0.78 

1.008 

ordered 

[9j 

RblNbYbiO, 

1  63 

0  78 

1  008 

disordered 

114) 

BalNbYbiO, 

1.74 

0.78 

1  008 

|  partly  ordered 

1 19) 

1  disordered 

1 14) 

Cal  NbHo)0 , 

1  49 

0.78 

1  041 

ordered 

(9) 

I’WNblloiO, 

1.63 

0.78 

1  041 

ordered? 

115] 

Ba(NhHn)t), 

1  74 

0.78 

1  041 

partly  ordered 

119] 

*  Ionic  radii  according  in  R.  D  Shannon  and  C.  T  Ficwut  [ 20] 


That  is 


S' 

and 

S' 


Development  of  the  (111)  supeilatticc  line  on 
extended  'hernial  annealing  is  clearly  evident  in 
the  X  rav  patterns  shown  in  Fig.  1  The  corres¬ 
ponding  calculated  order  parameters  arc  shown  on 
each  picture. 


3.3.  Ferroelectric  transitions 
In  ferroelectric  perovskites  the  transitions  in  the 
degiee  of  ordering  which  occurs  at  the  Curie  point 
critical  temperature,  7\  is  weakly  a  first  order  one: 
it  is  accompanied  b\  a  small  latent  heat  and  a  peak 
in  the  specific  heat  In  the  diffuse  transilion 
materials,  since  each  microvolume  transforms  at  a 
different  temperature  these  heat  changes  arc 
expected  to  he  spiead  out.  and  the  sharp  peak 
reduced  to  a  general  rounded  “hump"  Thus,  in 
samples  where  the  degree  of  ordering  can  he  con¬ 
trolled.  it  would  be  expected  that  the  thermal 
change  would  sharpen  and  become  larger  with 
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Figure  I  X-tay  tlilfrj lion  par  tern-  .yi  I'M  with  .  usuic 
tteercc-s  of  ontouru’ 

increasing  order  heller  detimne  the  local  compo¬ 
sition  . 

float  capacities  lor  samples  with  difleung 
degrees  of  ordering,  established  by  the  X-ray 
measurements  described  above,  were  measured  lor 
temperatures  around  the  transition  range  (see  lug 
2)  using  a  duPont  900  thermal  analyser  with  a 
differential  scanning  calorimetric  cell  (DSC).  Tire 
cel!  was  first  cooled  by  liquid  nitrogen  to  a  tem¬ 
perature  of  about  71°  C’  and  then  heated  at  a 
rate  of  12°Cniin’'  up  to  h  90°  (.’.  The  heat  o! 
transition  for  each  sample  was  calculated  hy  extra¬ 
polating  a  base  line  from  the  region  outside  tiro 
transition  range,  and  determining  the  area  between 
this  extrapolated  base  ami  the  measured  thetmal 
curve. 

4.  Discussion 

Tire  X-ray  diffraction  measurements  give  clear  evi¬ 
dence  that  Pb(Sc0  s  f Jo  s  )Oj.  as  expected  from  the 
crystal  chemistry,  is  near  to  the  boundary  between 
order  and  drso>  ler  in  t he  Sc  Ta  arrangement,  and 
that  the  degree  ot  ordering  sail  be  controlled  over 
quite  a  wide  range  by  suitable  thetmal  annealing 
The  simple  thermal  measurements  give  a  clear  m  b 
cation  tbal  the  degree  of  ordering  dues  have  a 
strong  effect  upon  fie  ferroelectric  Curie  leiiipcr.t 
lure  with  the  Cum  range  narrowing  m.irkedlv  is  a 
high  decree  ot  order  is  established 


t-'igure  7  Variation  of  heal  o[vut>  o!  PS T  with  degree  .d 
oiderme 


Burggraaf  and  Stengcr  [ 20]  correlate  A.V  and 
A.S'/7'C  at  the  Curie  transition  with  the  probability 
of  occurrence  of  heterophase  fluctuations.  Large 
values  of  the  ratio  A.S'/TC  giving  sharp  transition?, 
and  lower  values  leading  to  more  diffuse  behaviour. 
In  Table  II  we  have  added  our  data  for  the  differ¬ 
ently  ordered  PST  samples  to  the  earlier  compi¬ 
lation.  It  is  interesting  to  note  lhat  the  values  fit 
in  well,  and  link  continuously  the  sharp  transit  ions 
of  PbTiOj  and  BuTiO},  and  those  more  diffuse 
transitions  of  the  PlTTs 

the  PST  is  apparently  an  excellent  vehicle  lor 
study  of  the  characteristics  of  fertoelec tries  with 
diffuse  phase  transitions.  In  later  papers  we  shall 
report  dielectric,  ferroelectric  and  elasto-clectric 
measurements  on  both  ceramic  and  single  ciyst.il 
specimens,  and  upon  additional  X-ray  studies  to 
determine  the  volume  of  the  ordered  regions  and 
fie  manner  m  which  lllis  changes  with  increase^ 
otdi'i  nut 
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T  AB  Lt  11  Transition  entropies  and  enthalpies  of  RS7  and  other  Jerroelectiics 


Compound 

T 

1  c 

IK) 

AH 

(cal  mol  *) 

AS 

(cal.  mol  1 K1) 

AS 

—  x  10* 

T 

1  c 

(cal.  ino)  1  K  3) 

T ype  of 
transition 

Reference 

PbTiO, 

763 

1150 

1.51 

1  98 

sharp 

[22] 

BaTrO, 

393 

47 

0.12 

0.30 

sharp 

[22] 

PST  IS  =  0.85) 

297 

87 

0.29 

0.98 

sharp 

This  work 

PST  (S=  0.7) 

294 

52 

0.18 

0.61 

sharp 

This  work 

PST  (S  =  0.6) 

292 

20 

0  07 

0  24 

slightly  diffused 

This  work 

PST  (S  =  0.5) 

diffused 

This  work 

PST  (S  =  0.4) 

strongly  diffused 

This  work 

PLZT  17/30/70 

320 

18 

0.06 

0.17 

diffused 

121) 

PLZT  11.1/55/45 

325 

11 

003 

0  10 

strongly  diffused 

1 21  ] 
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The  role  of  B-site  cation  disorder  In  diffuse  phase  transition  behavior  of 
perovskite  ferroelectrics 

N.  Setter  and  L.  E.  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  Pennsylvania  16802 
(Received  24  March  1980;  accepted  for  publication  9  May  1980) 

In  Pb(Sc0  ,Ta<,  5  )0,  it  has  been  shown  that  the  degree  of  order  in  the  B-site  Sc5 '  ,  Ta5  *  cations 
can  be  controlled  by  suitable  thermal  annealing.  For  samples  which  have  been  well-ordered  by 
long  annealing,  dielectric  measurements  on  single  crystals  show  a  normal  first-order  ferroelectric 
phase  change  at  1 3  °C  and  a  maximum  low-temperature  spontaneous  polarization  of  23.0/zc/cm2. 

With  increasing  disorder,  the  crystals  begin  to  exhibit  the  classical  diffuse  phase  transition  of  a 
ferroelectric  relaxor,  with  a  broad  Curie  range  and  strong  low-frequency  dielectric  dispersion  in 
the  transition  range.  X-ray  diffraction  measurements  of  the  size  of  the  ordered  microregions 
suggest  that  ordering  proceeds  by  different  mechanisms  in  single-crystal  versus  ceramic  samples, 
though  the  resulting  effects  upon  the  dielectric  behavior  are  very  similar. 

PACS  numbers:  77.80.  -  e,  71.55.Jv 


I.  INTRODUCTION 

Structural  disorder  upon  certain  crystallographic  sites 
has  long  been  believed  to  be  responsible  for  the  diffuse  phase 
transition  (DPT)  in  a  large  group  of  ferroelectric  oxides  of 
complex  composition  with  structures  in  the  perovskite  and 
tungsten  bronze  families.  The  diffuse  phase  transition  is  evi¬ 
denced  in  many  properties  associated  with  the  ferroelectric 
transition:  slow  change  in  dielectric  permittivity,  and  very 
slow  temperature  dependence  of  the  spontaneous  electric 
polarization  in  the  relaxation  range  are  examples  of  the  di¬ 
electric  characteristics. 

It  is  suggested  that  crystals  exhibiting  DPT  can  be 
viewed  as  having  composition  fluctuations  on  a  microscopic 
scale  and  so  of  consisting  of  microvolumes  each  with  slightly 


@*Pb  #*Sc  O  *  To  *  *0 

FIO  I  Structure  of  ordered  perovskite  Pb(Sc„  ,Ta,, ,  K),  (after  Galasso 
(7)1 


different  Curie  temperature  for  the  onset  of  ferroelectric  po¬ 
larization.1  The  overall  properties  result  from  the  distribu¬ 
tion  of  the  Curie  temperatures  of  these  individual  microvo¬ 
lumes.  Expressions  for  the  dielectric  properties  have  been 
derived  in  a  statistical  treatment  by  Rolov,2  and  Clarke  and 
Burfoot '  have  expanded  the  model  to  include  a  composition 
dependent  parameter.  The  model  of  Rolov  predicts  success¬ 
fully  the  observed  dielectric  properties  of  ferroelectric  relax- 
ors  such  as  lead  magnesium  niobate  (PMN)  and  lead  zinc 
niobate  (PZN),  but  no  verification  appears  yet  to  have  been 
given  for  the  direct  role  of  composition  fluctuations. 

In  solid  solutions  it  has  been  observed  that  as  the  com¬ 
position  becomes  close  to  that  favoring  a  homogeneous  dis¬ 
tribution,  the  phase  transition  sharpens4  '  and  an  increase  in 
structural  ordering  could  explain  the  observed  behavior  but 
has  not  been  verified.  A  difficulty  in  the  interpretation  of  all 
earlier  observations  has  been  the  changing  chemical  compo¬ 
sition  accompanying  the  changes  observed  in  the  solid  solu¬ 
tions,  which  makes  unequivocal  interpretation  impossible. 


TABLE  I.  Degree  of  ordering  and  size  of  ordered  domains  for  PST  of  var¬ 
ious  annealing  treatments. 


Material 

Approximate  size 
Degree  of  order  of  ordered 

Heat  treatment  (S)  domains 

Ceramic  PST 

No  annealing 

0.37 

100  A 

15  min  at  1000  *C 

0  46 

200  A 

40  min  at  1000  *C 

0  51 

300  A 

65  mm  at  1000 *C 

0  56 

750  A 

2  h  at  1000 ’C 

0.72 

900  A 

4  hat  1000 *C 

0  80 

>  1000  A 

6  hat  1000  *C 

0.8! 

>  1000  A 

6  h  at  1000  X 

0.83 

>  iooo  A 

24  hat  1000  *C 

0  86 

>  1000A 

103  hat  1000 'C 

0  86 

> iooo  A 

Single-crystal 

PST 

As  grown  0.80 

ioo  A 

1  hat  1400 ’C  0  35 

<  ioo  A 
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FIG.  2.  Temperature  dependence  of  dielectric  permittivity  and  dielectric 
loss  at  l  kHz  of  PST  ceramics  with  different  degree  of  order 


It  has  been  shown'’  that  Pb(Sc0  5Ta<, ,  )0,  (PST)  is  close 
to  the  limit  of  stability  between  order  and  disorder  for  the  B- 
site  cations,  and  that  the  compound  can  exist  at  room  tem¬ 
perature  with  different  degrees  of  order.  The  influence  of 
changing  order  upon  the  ferroelectric  phase  change  can 
therefore  be  demonstrated  very  clearly  in  PST  without  any 
need  to  change  the  chemistry.  The  results  of  experiments 
upon  both  single  crystal  and  ceramic  samples  with  con¬ 
trolled  degrees  of  ordering  are  presented  in  this  paper. 

II.  EXPERIMENTS 

Samples  of  the  compound  PST  were  prepared  by  react¬ 
ing  stoichiometric  proportions  of  the  mixed  PbO,  Sc20„  and 


o 
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0,240 
0  200 
0.160-  disordered 
0. 1 20|-  <d> 

0080' 

0040| 

0000 


-100 

TEMPERATURE  (C) 

FIG  4  Temperature  dependence  of  dielectric  constant  and  dielectric  loss 
nr  ordered  (5  ---  0  80)  and  disordered  (5  =  0.35)  single  crystals  at  (a)  1  kHz 
(b)  10  kHz.  (c)  100  kHz.  (d)  1000  kHz. 


Nb,Ov  The  mixture  was  ball  milled  under  alcohol  to  achieve 
intimate  mixing,  then  fired  for  2  h  at  800  °C.  The  resulting 
cake  was  reground,  pressed  into  pellets,  and  refired  at 
1 300  °C  for  1  h.  Powder  x-ray  diffraction  of  this  reacted  pow¬ 
der  showed  a  simple  cubic  perovskite  structure  with  very 
small  traces  of  a  pyrochlore  phase  present. 

To  prepare  ceramic  disks  for  dielectric  studies,  the 
reacted  powder  was  ground  again  to  pass  No.  400  mesh  and 
pressed  into  3/8-in-diam  pellets,  using  a  small  amount  of 
polyvinyl  alcohol  as  a  binder.  The  pellets  were  then  sintered 
at  1 560  °C  in  a  closed  alumina  crucible  using  extra  PST  pel¬ 
lets  with  20  wt.  %  added  PbO  to  maintain  a  PbO-rtch  atmo- 
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FIG  V  Frequency  dispersion  of  dielectric  permittivity  and  dielectric  loss  of 
(a)  mostly  ordered  (5  -  0  85)  ceramic  and  (b)  disordered  (.5  =  (1 40) 
ceramic 


FIG  5.  Thermal  hysteresis  of  an  ordered  cry  stal  ( 1  kHz) 
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(c)  (d) 

FIG.  6.  Dielectric  hysteresis  of  disordered  PST  single  crystal,  (a)  — 58'C,  (b)  -48 'C,  (c)  — 40*C,  (d)  -20  C. 


sphere  during  firing.  By  this  technique,  weight  loss  during 
firing  was  kept  to  less  than  2.5%,  and  final  densities  in  the 
range  94-97%  theoretical  were  achieved. 

To  establish  the  required  degree  of  ordering,  pellets 
were  sliced  and  annealed  at  1000  C  for  different  lengths  of 
time  in  the  range  from  10  min  to  100  h.  The  degree  of  order¬ 
ing  and  the  size  of  the  ordered  domains  were  established  by 
x-ray  diffraction.  In  PST,  ordering  places  Sc’  *  and  Ta5  + 
ions  on  adjacent  B  sites  in  a  three-dimensional  array,  leads  to 
an  effective  doubling  of  the  a  parameter  of  the  original  per- 
ovskite  cell  (Fig.  1),  and  thus  to  the  appearance  of  superlat¬ 
tice  lines  in  the  x-ray  diffractograms.  The  degree  of  ordering 
was  determined  by  calculation  from  the  ratio  of  the  integrat¬ 
ed  intensities  of  pairs  of  base  and  superlattice  reflections,  and 
the  ordered  domain  size  determined  by  the  broadening  of  the 
superlattice  reflections  with  respect  to  the  base  lattice  peaks. 
These  data  are  summarized  in  Table  I.  It  should  be  noted 
that  the  degree  of  ordering  achieved  is  not  just  a  function  of 
the  annealing  time  from  the  initial  high-temperature 
quenched  state,  but  does  depend  in  a  complex  manner  upon 
the  previous  thermal  history  of  the  individual  sample.  In 
these  annealing  studies  no  change  was  detected  in  the  lattice 
spacing  between  ordered  and  disordered  states. 
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Single  crystals  for  dielectric  study  were  grown  by  a  flux 
technique  which  has  been  described  elsewhere.8  In  the  as- 
grown  condition,  the  B-site  cations  are  well  ordered.  To  es¬ 
tablish  a  disordered  condition,  crystals  were  heated  to 
1400  °C  and  air  quenched.  Stoichiometry  of  the  single  crys¬ 
tals  was  checked  both  before  and  after  heat  treatments  using 
energy  dispersive  x-ray  spectroscopy,  and  no  stoichiometry 
change  was  detected. 

Dielectric  permittivity  and  loss  tangent  under  weak  ac 
fields  were  measured  at  frequencies  of  1, 10,  100,  and  1,000 
kHz  using  a  Hewlett  Packard  4270  A  automatic  capacitance 
bridge  under  full  program  control  in  a  HP9825  bus-con¬ 
trolled  system.  The  sharpening  of  the  permittivity  versus 
temperature  curves  measured  at  1  kHz  as  a  function  of  in¬ 
creasing  order  of  B-site  cations  is  clearly  evident  in  Fig.  2. 
The  strong  control  of  the  degree  of  ordering  upon  the  dielec¬ 
tric  dispersion  in  the  transition  region  is  evident  in  Fig.  3, 
which  contrasts  the  behaviors  of  disordered  and  highly  or¬ 
dered  ceramics.  Weak-field  permittivity  data  for  single-crys¬ 
tal  PST,  measured  with  the  E  field  applied  along  (001)  is 
shown  in  Fig.  4.  Again  the  highly  dispersive  character  of  the 
broadened  transition  in  a  35%  ordered  sample  is  contrasted 
with  the  sharp  transition  in  a  crystal  with  80%  ordering.  The 
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FIG.  7.  Dielectric  hysteresis  of  ordered  PST  single  crystal,  (a)  0  *C,  (b)  7  'C,  (c)  8  ’C,  (d)  14  "C. 
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first-order  nature  of  the  transition  in  the  well-ordered  crystal 
i  is  further  suggested  by  the  obvious  thermal  hysteresis  be¬ 

tween  heating  and  cooling  curves  (Fig.  5). 

High-field  behavior  was  explored  using  a  balanced  Saw¬ 
yer-Tower  Bridge.  The  dielectric  hysteresis  in  the  disordered 
single  crystal  shows  the  characteristic  rounded  curves  and 
slow  saturation  for  temperatures  in  the  transition  range 
[Figs.  6(a)-6(d)]  in  contrast  to  the  sharp  square  lower  coerci- 
vity  behavior  of  the  highly  ordered  crystals  [Figs.  7(a)-7(d)J. 
The  P,  values  obtained  by  extrapolation  of  the  saturation 
arms  of  the  loops  are  shown  in  Fig.  8,  where  the  major  shift 
in  Curie  temperatures  which  accompanies  ordering  in  the 
monocrystal  is  clearly  evident,  as  is  the  sharper  transition  in 
the  ordered  sample. 

III.  DISCUSSION 

The  dielectric  properties  of  the  disordered  crystals  and 
ceramics  of  PST  show  all  the  characteristic  features  of  a  fer¬ 
roelectric  with  DPT:  (i)  The  dielectric  peaks  are  rounded  in 
the  e  versus  T  curves;  (ii)  the  temperature  of  peak  permittivi¬ 
ty  shifts  up  with  increasing  frequency;  (iii)  strong  dispersion 
in  the  radio  frequency  range  occurs  over  the  transition  re¬ 
gion;  (iv)  rounded  dielectric  hysteresis  curves  exhibit  slow 
saturation  and  large  effective  coercivity. 


With  enhanced  B-site  cation  ordering,  however,  crys¬ 
tals  of  the  same  composition  show  classical  sharp  transition 
behavior:  (1)  very  sharp  dielectric  peaks,  (2)  almost  no  shift 
of  Tm  with  frequency,  (3)  thermal  hysteresis,  and  (4)  square 
loops  with  low  coercivity. 

The  dielectric  behavior  is  qualitatively  similar  between 
ceramic  and  single  crystals,  and  it  is  clear  that  the  disorder 


FIG.  8.  Spontaneous  polarization  for  ordered  ( 1)  and  disordered  (2)  single 
crystals. 
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which  contributes  the  local  composition  fluctuations  re¬ 
sponsible  for  the  dispersion  behavior  is  on  a  scale  which  is 
much  below  the  ceramic  grain  size.  The  maximum  P,  value 
-  20/rC/cnr  is  reasonable  for  a  ferroelectric  perovskite  ox¬ 
ide  with  T,~  13  °C. 

A  major  difference  between  the  ceramic  and  single¬ 
crystal  samples  appears  to  exist  in  the  mode  by  which  the 
Sc:Ta-cation  ordering  occurs  under  thermal  annealing.  In 
the  ceramic  it  is  evident  from  Table  I  that  the  ordered  do¬ 
mains  expand  continuously  in  size  up  to  macroscopic  dimen¬ 
sions  with  continuous  heat  treatment.  In  the  single  crystal, 
however,  the  domain  sizes  are  always  small  even  in  the  high¬ 
ly  ordered  crystal. 

Altogether,  the  dependence  of  DPT  on  positional  disor¬ 
der  has  been  demonstrated  unequivocally  for  perovskite  fer¬ 
roelectric  relaxors,  using  PST  as  a  suitable  example.  Indeed, 
the  effect  of  other  parameters  such  as  thermal  fluctuations, 


defects,  and  internal  stresses  cannot  be  inferred  from  the 
above  experimental  results.  However,  the  results  strongly 
support  the  model  of  compositional  fluctuation  as  correctly 
describing  the  diffused  phase  transition  in  ferroelectric 
relaxors. 

This  work  was  supported  by  the  Office  of  Naval  Re¬ 
search,  Contract  No.  N00014-78-C-0291. 


'G.  A.  Smolenskii,  J.  Phys.  Soc.  Jpn.  28,  26  (1970). 

;B.  N.  Rolov,  Fiz.  Tverd.Tela.  (Leningrad) 6, 2 1 28(1 964)  [Sov.  Phys  Solid 
Slate  6,  1676(1965)]. 

'R.  Clark  and  J.  C.  Burfoot,  Ferroelectrics  8,  505  (1974). 

*A.  M.  Glass,  J.  Appl.  Phys.  40, 4699  (1969). 

'L.  Benguigi,  K.  Bethe,  J.  Appl.  Phys.  47,  2787  (1976). 

I’N.  Setter,  L.  E.  Cross,  J.  Mater.  Sci.  (in  press). 

’F.  S.  Galasso,  Structure ,  Properties  and  Preparation  of  Perovskite-Type 
Compounds,  (Pergamon,  New  York,  1969). 

*N.  Setter,  L.  E.  Cross,  J.  Cryst.  Growth  (in  press). 


t 


APPENDIX  34 


N.  Setter,  L.E.  Cross 
of  Pb(Sc^2Ta-j/2^®3* 


Pressure  Dependence  of  the  Dielectric  Properties 
Phys.  Stat.  Sol.  A61,  K71  0980). 


i 


N.  Setter,  L.E.  Cross 


Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Abstract 

Pressure  dependent  dielectric  properties  were  measured  on  a  highly 

B-cation  ordered  Pb(Sc  ,_Ta  ,_)0^  (normal  ferroelectric)  and  on  a  B-cation 

disordered  Pb(Sc  ^Ta  ^>0^  (ferroelectric  relaxor) ,  using  single  crystals 

and  ceramic  samples.  The  hydrostatic  electrostriction  coefficient  was 

found  in  this  case  to  be  insensitive  to  the  degree  of  cation  disorder. 

-2  4  -2 

The  value  obtained,  Qh  =  0.87-10  m  C  ,  is  halfway  between  the  value 
for  simple  perovskites  and  that  for  complex-perovskite  relaxors. 


Pressure  Dependence  of  the  Dielectric  Properties  of 
Pb(Scl/2Tal/2)03 


Introduction 

Ferroelectric  relaxors  of  the  perovskite  family  are  known  to  have  Curie 

constants  (C)  several  times  larger  than  those  of  normal  perovskite  ferroelectrics . 

Also,  it  has  been  shown  that  the  electrostriction  coefficients  (Q,  )  of  ferro- 

h 

electric  relaxors  are  smaller  than  those  of  normal  ferroelectrics  (1) .  The 

observed  high  C  and  low  Q,  are  believed  to  be  related  to  the  disorder  that  exists 

h 

on  the  B  cation  site  of  these  relaxors. 

Pb(Sc^2Ta1/2^°3  has  been  shown  to  lie  close  to  the  limit  of  stability 

between  order  and  disorder  of  the  B  cation  site  and  to  exist  at  room  temperature 
in  different  degrees  of  order  (2).  It  was  found  that  the  ordering  of  the  B-site 
cations  of  PST  changes  its  character  from  a  diffuse  transition  to  a  normal  first 
order  ferroelectric  type  (3).  This  supports  the  composition-fluctuation  model 
that  is  frequently  used  to  explain  diffused  phase  transition  behavior  (4) . 

The  possibility  to  obtain  both  relaxor  ferroelectric  and  normal  ferroelectric 
behavior  in  the  same  chemical  composition  makes  it  simple  to  isolate  the  influence 
of  the  disorder  alone  on  the  Curie  constant,  on  the  electrostriction  constant, 
and  on  other  pressure  dependent  dielectric  properties.  As  ferroelectric  relaxors 
possess  a  potential  for  making  excellent  electrostrictive  devices  (5) ,  this 
structure/property  dependence  of  Q  and  C  is  of  special  interest. 

Experimental  Results 

Both  single  crystals  and  polycrystalline  materials  were  studied.  The  crystals 
were  flux  grown  (6)  ordered  PST  of  1. 2-2.0  mm  edge  polished  to  0.2-0.35  mm  thick¬ 
ness  with  major  (100)  surface.  Disordering  was  achieved  by  firing  at  1400°C  for 
one  hour  and  rapid  quenching.  The  crystals  whose  properties  were  compared  had 
order  parameter  S  *  0.80  and  S  *  0.35  for  the  ordered  and  the  disordered  crystals 


respectively.  The  ceramic  compared  samples  used  in  the  experiments  had  order 
parameter  S  =  0.85  and  S  =  0.40  as  determined  by  comparing  x-ray  diffraction 
superstructure  lines.  The  preparation  of  the  ceramic  samples  and  delineation 
of  the  order  parameter  have  been  described  elsewhere  (3). 

Hydrostatic  pressure  up  to  5  kbar  was  generated  by  an  air-driven  intensifier 
pump  and  monitored  by  a  Heize  gauge.  The  pressure  transmitting  liquid  was 
Plexol.  The  pressure  vessel  was  held  in  an  insulated  box  where  temperature  was 
varied  by  a  resistive-tape  heater  and  by  dry-ice-cooled  alcohol.  The  temperature 
was  read  by  a  chromel-alumel  thermocouple  placed  adjacent  to  the  sample.  The  tem¬ 
perature  range  which  could  be  achieved  was  +70°C  to  -40°C.  Each  sample  was 
first  heated  and  the  measurements  were  then  taken  upon  cooling  at  a  rate  of  about 
2°/minute. 

The  capacitance  was  measured  at  frequencies  of  1kHz,  10  kHz,  and  100  kHz 
(the  small  AC  field  applied  along  [001])  by  a  Hewlett-Packard  4270A  automatic 
bridge. 

The  Curie  constant  C  was  calculated  from  dielectric  data  at  temperatures 
far  above  the  transition  (70°-120°C)  measured  at  atmospheric  pressure. 

The  dielectric  constant  around  the  transition  for  p=0,  1.46  and  3.64  kbars 
is  shown  in  Figure  1  for  the  ordered  crystal  and  the  disordered  crystal,  and 
in  Figure  2  for  the  ordered  and  the  disordered  ceramics.  In  the  case  of  the 
disordered  samples  there  is  an  apparent  increase  in  the  diffuseness  of  the 
transition  with  increasing  pressure.  This  can  be  seen  also  to  some  extent 
for  the  ordered  PST  under  the  maximum  pressure. 

Figure  3(a)  shows  the  dependence  of  the  reciprocal  permittivity  upon 

pressure  for  the  ordered  crystal  at  temperatures  in  the  range  22°  -  52°C.  From 

_2 

tills  graph  is  found  to  be  0.85-10  .  does  not  vary  with  temperature  within 

this  range.  In  Figure  3(b)  the  same  dependence  is  shown  for  the  disordered 


crystal,  but  in  this  case  the  dependence  is  nonlinear  and  Q  must  be  derived. 

h 

For  relaxor  ferroelectrics  of  perovskite  type,  the  dielectric  permittivity 
dependence  upon  temperature  and  pressure  has  been  shown  (1)  to  take  the  form 


1  _  1_  +  (T-Tn)' 

e  e_  „  _  .2 

«  2  em6 


(1) 


and 


(2) 
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1  _  1  <2QhC)2(P-P0(T))2 

£  2  %62 

where  6  is  the  diffuseness  parameter  and  P  (T)  =  (T  -T)/2Q,C. 

o  o  n 

Applying  (1)  to  disordered  PST  crystals  gave  6  =  52°  and  1/e^  =  9.6*10 

I/O  _  O 

Plotting  (1/e  -  l/em)  vs  [p-p  (T) ]  as  shown  in  Figure  4  yields  Q,  =  0.88*10 

o  h 

when  taking  5  =  45°  and  l/em  =  8.6*10  ^  which  is  close  to  the  above  values.  The 
value  of  the  disordered  ceramic  was  obtained  by  the  same  manner. 

Table  1  summarizes  the  data  obtained  for  this  value  at  Q's  and  C's  of  ordered 
and  disordered  PST. 


Discussion 

Contrary  to  our  expectation  from  earlier  measurements  on  ferroelectrics  with 
diffuse  phase  transitions  (1),  the  electrostriction  constant  is  of  the  same 
order  in  both  ordered  and  disordered  samples.  The  Curie  constant  appears  as 
expected  somewhat  smaller  in  the  ordered  samples  but  the  difference  is  not  large. 

As  a  very  simple  intuitive  explanation  for  the  low  Qh  and  higher  C  values 
in  relaxor  ferroelectric  crystals  with  diffuse  phase  transitions,  Uchino  et  al. 

(1)  propose  a  simple  "rattling  ion"  model  in  which  it  is  proposed  that  in 
the  disordered  structure,  the  random  distribution  of  larger  lower  valence 
cations  prop  open  the  oxygen  octahedra  permitting  very  high  permittivities 
(large  C)  but  uncoupling  polarization  and  strain  (low  Q) .  While  in  the  corresponding 
ordered  structure,  the  octahedra  readjust  dimensions  to  suit  the  ordered  cation 


arrangement  closer  coupling  the  system  for  larger  and  lower  C  values. 

It  may  be  noted  that  to  permit  the  order : disorder  to  be  accomplished 
thermally  in  PbCSCj^Ta^^)*-^*  t*le  system  was  deliberately  selected  for  the 
similar  size  of  the  B  site  cations,  and  indeed  x-ray  measurements  show  no 
detectable  difference  in  lattice  parameter  between  ordered  and  disordered  form. 
Thus  on  the  basis  of  the  simple  model  Q  and  C  should  not  change  markedly  on 
ordering,  and  it  is  perhaps  interesting  to  note  that  in  magnitude  they  are 
indeed  almost  halfway  between  values  measured  for  simple  perovskites  and  those 
measured  on  relaxors  like  Pb(Mg^ 3^^2/3^3  ant^  Pb(Zn^y 

Unfortunately  for  the  Pb(Sc^^2^a^/2^3  ^  was  not  Poss:i-ble  to  anneal  to  a 
completely  ordered  state,  so  that  the  results,  though  suggestive,  are  not 
completely  definitive,  and  measurements  on  a  completely  ordered  crystal  would 
be  desirable. 
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Figure  Captions 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


£  (T,p)  of  (a)  disordered  (S=0.35)  PST  crystal  (b)  ordered 
(S=0.80)  PST  crystal  (f=l  kHz) . 

1.  p=  0 

2.  p=  1.46  kbar 

3.  p=  3.64  kbar 

e  (T,p)  of  (a)  disordered  (S=0.40)  and  (b)  ordered  (S=0.85) 

PST  ceramics  (f=100  kHz) . 

1.  p  =  0 

2.  p  =  1.46  kbar 

3.  p  =  3.64  kbar 

The  dependence  of  £  upon  pressure  at  various  temperatures  above 
the  transition.  (a)  ordered  PST  crystal  (S=0.80);  (b)  disordered 
crystal  (S=0.35). 

1/2 

(e  -  em)  vs  pressure  at  different  temperatures  of  disordered 
PST  single  crystal. 
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ABSTRACT 

Ferroelectric  transition  of  Pb(Sc_ 5Nb < 5)03  can  be  either  diffused 
or  sharp  depending  upon  the  given  heat  treatment  as  verified  by  dif¬ 
ferential  scanning  calorimetry  of  single  crystals  and  ceramic  samples. 
Contradicting  earlier  reports  of  properties  of  Pb(Sc  5Nb  5)03  are 
attributed  therefore  consistently  to  different  preparation  methods 
resulting  in  different  degree  of  B-cation  order. 

Optical  examination  by  polarized  light  determines  that  the 
ferroelectric  phase  of  the  ’as  grown'  single  crystals  is  rhombohedral . 
Ferroelastic-ferroelectric  domains  have  been  observed. 


Introduction 


Since  its  first  synthesis  in  1961  (1)  a  number  of  investigations  were 
made  with  regard  to  the  dielectric  properties  of  Pb(Sc _ sNb >5)03  (PSN)  (2-6). 
While  reporting  ferroelectric  properties,  these  works  differ  markedly  with 
regard  to  the  transition  related  properties.  The  Curie  temperature  varies 
between  80°  and  1Q0°C.  The  dielectric  permittivity  is  reported  in  some  works  to 
have  a  sharp  peak  at  the  transition  but  a  round  peak  was  observed  in  other 
cases.  The  structure  of  the  ferroelectric  phase  is  reported  as  either  tetra¬ 
gonal  (2,6)  or  rhombohedral  (3-5).  These  contradictory  reports  have  been  no¬ 
ticed  and  further  attempts  have  been  made  lately  to  unambiguously  determine  the 
structure  and  the  transition  related  properties  of  PSN  (7-9).  These  investiga¬ 
tors  still  differ  in  conclusions  about  the  nature  of  the  ferroelectric  transi¬ 
tion  in  PSN. 

In  a  recent  work  (10)  crystal-chemical  arguments  were  used  to  sugge.. t 
that  in  PSN  and  also  in  Pb(Sc  5Ta_5)03  (PST)  the  arrangement  of  the  B-site 
cations,  Sc+3  and  Nb+5  or  Sc+3  and  Ta+5 t  should  be  close  to  the  bound  between 
order  and  disorder.  For  PST  it  has  been  shown  that  the  degree  of  order  in  the 
B-site  can  be  modified  by  suitable  thermal  treatment.  It  has  also  been  demon¬ 
strated  (11)  that  for  PST  the  ferroelectric  behavior  changes  upon  changing  only 
the  degree  of  order  without  changing  the  composition  and  that  the  material 
transforms  from  a  ferroelectric  relaxor  in  the  disordered-cation  arrangement  to 
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a  normal  sharp  first-order  ferroelectric  in  the  ordered  cation  arrangement.  The 
decrease  in  order,  as  determined  by  x-ray  diffraction,  corresponded  to  a  de¬ 
crease  in  the  heat  of  transition,  to  a  rounding  in  the  peak  of  the  dielectric 
constant,  to  an  increase  in  the  low  frequency  dispersion  of  the  dielectric 
properties  and  to  other  features  that  are  associated  with  diffuse  phase  transi¬ 
tion.  Also,  a  consistent  increase  in  Tc  with  the  increase  of  the  degree  of  15- 
site  order  has  been  observed. 

With  the  above  observation  in  mind,  an  attempt  is  made  in  the  present 
work  to  sort  out  the  reported  dielectric  properties  of  PSN  and  to  relate  them  to 
the  preparation  method  used  showing  that  conflicting  reports  could  have  arisen 
from  different  preparation  methods  that  produced  PSN  with  different  degrees  of 
order  in  the  cations  and  thus  different  transition  behavior.  The  experimental 
results  which  are  reported  here  support  the  argument. 


Experimental 

PSN  powder  was  prepared  by  reacting  stoichiometric  proportions  of  the 
mixed  oxides.  Ball  milling  under  alcohol  for  20  hrs  was  followed  by  firing  for 
2  hrs  at  800°C.  The  resulting  cake  was  reground,  pressed  into  pellets  and 
refired  at  1300°C  for  1  hr.  Pellets  of  PbZrOs  +  20%  PbO  (by  weight)  were  used 

to  provide  excess  lead  in  the  firing  atmosphere.  Powder  x-ray  diffraction  of 
this  reacted  powder  showed  a  simple  cubic  perovskite  structure  with  no  detected 
pyrochlore  phase.  Samples  were  annealed  at  different  temperatures  700°-1180°C 
for  different  periods  of  time  up  to  72  hrs. 

PSN  single  crystals  were  grown  by  a  flux  method.  PSN  reacted  powder  was 
used  with  flux  of  PbO-B2C>3  with  the  ratio  (by  weight)  PSN:PbO:B203  =  0.15:0.80: 
0.05.  The  growth  cycle  was:  heating  to  1150DC,  soaking  for  3  hrs  at  1150°C, 
cooling  at  3°C/hr  to  850°C  and  at  50°C/hr  to  room  temperature.  The  crystals 
were  yellowish  grey  in  color  and  had  cubic  shape  with  {100}  surface  and  edges  up 
to  2  mm.  Unit  cell  size  of  the  single  crystal  corresponded  to  4.083  A  of  a 
pseudo-cubic  unit  cell  as  determined  by  x-ray  powder  diffraction  of  ground  up 
crystals  taken  using  a  General  Electric  diffractometer  with  CuKa  radiation.  No 
superlattice  lines  were  observed  for  the  single  crystals. 

Examination  of  the  crystals  by  polarizing  microscope  was  done  on  hot 
stage  over  the  range  of  temperature  from  20°C  to  150°C. 

Heat  capacities  were  measured  for  single  crystals  as  grown  and  for 
single  crystals  which  were  kept  at  1370°C  for  20  min  and  then  air-quenched  to 
room  temperature  (Figure  1).  The  heat  capacity  of  the  ceramic  samples  was 
measured  for  samples  held  at  1300°C  for  1  hr  and  for  samples  held  at  1180°C  for 
10  hrs  (Figure  2).  The  heat  capacity  was  measured  for  temperatures  around  the 
ferroelectric  transition  (330°-440°K)  using  a  Perkin-Elmer  Model  DSC-2  differen¬ 
tial  scanning  calorimeter.  Heat  of  transition  of  the  crystals  as  grown  was  cal¬ 
culated  from  the  area  under  the  peak  of  the  heat  capacity  curve  to  be  17 
cal/mole . 


Discussion 


(a)  Transition  Properties 

The  increase  in  order  can  be  seen  from  the  sharpening  of  the  ferroelectric 
transition  as  detected  by  the  sharpening  of  the  peak  of  the  specific  heat  curves. 


The  thermal  measurements  clearly  show  that  the  transition  behavior  is  changed 
witii  proper  heat  treatment.  As  lias  been  shown  before  for  PST  (9),  increase  in 
order  results  in  sharpening  of  the  transition. 


Fig.  1  Specific  heat  of  Pb(Sc. sNb. s)03  single  crystals 

(a)  as  grown 

(b)  air  quenching  after  firing  at  1370°C  for  1  hr 


The  heat  of  transition  for  a  normal  (fully  ordered)  first  order  PSN  car. 
be  estimated  from  the  phenomenological  relation  All  =  Pg0To/2C.  Taking  PSo  "v 20 
pC/cm2  (7)  and  C  ^A.105  (9)  yields  AH  =  20  cal/mole,  in  good  agreement  with  the 
measured  heat  of  transition  of  the  as-grown  PSN  single  crystals.  This,  together 
with  the  observed  sharp  peak  leads  to  the  conclusion  that  these  crystals  are 
ordered  to  a  high  extent.  Quenching  to  room  temperature  after  short  firing  at 
1370°C  resulted  in  a  diffused  peak  suggesting,  as  expected,  decrease  in  the 
B-cation  order.  The  specific  heat  of  the  polycrystalline  powder  prepared  by 
1  hr  firing  at  1370°C  changes  smoothly  in  the  measured  temperature  range  whereas 
annealing  for  10  hrs  at  1180°C  yields  a  peak  in  the  curve  as  expected  when  the 
degree  of  order  is  increased.  The  shape  and  the  size  of  the  peak  suggest  how¬ 
ever  that  the  full  order  was  not  achieved. 

(b)  Structure  of  PSN 


Optical  observation  of  the  as-grown  single-crystal  in  polarized  white 
light  shows  at  room  temperature  the  existence  of  ferroelastic-ferroelectric 
domain  walls  (Figure  3).  Upon  heating,  the  domains  disappear  and  the  crystals 
become  completely  extinct  for  all  orientation  at  the  plane  at  polarization  at 
110°C.  When  cooling  from  the  paraelectric  phase,  anisotropy  and  full  ferro¬ 
electric  domains  are  observed  at  105°C.  At  room  temperature  the  crystal  extin¬ 
guishes  for  nicols  set  at  45°  to  the  <100>  direction.  It  is  therefore  evident 
that  the  ferroelectric  phase  of  the  crystal  as-grown  is  rhombohedral  at  room 
temperature. 


X-ray  diffraction  failed  to  detect  superlattice  lines  in  the  single 
crystals.  In  PST  single  crystal  it  has  been  shown  (11)  that  the  superlattice 
line  is  very  strongly  broadened.  Unlike  polycrystalline  materials,  the  growth 
of  the  ordered  domains  in  single  crystals  where  grain  boundaries  do  not  exist 
proceeds  by  homogeneous  nucleation  only  through  the  bulk.  In  the  stable  growth 


Fig.  2  Specific  heat  of  Pb (Sc t 5Nb # 5 )03  ceramic  samples 

(a)  Firing  at  1300°C  for  1  hr 

(b)  Annealing  at  1180°C  for  10  hrs 
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As  grown  PSN  crystal  as  observed  by 
polarized  light  (xl50) 

condition  of  the  single  crystals,  a  high  concentration  of  nuclei  is  expected. 
Therefore,  the  antiphase  domain  size  is  expected  to  be  small  and  hence  the 
broadening  of  the  superlattice  lines.  In  PSN  single  crystals,  the  same  ordering 
growth  mechanism  is  expected.  This,  combined  with  the  initially  weak  intensity 
due  to  small  differences  in  atomic  number  of  Nb  and  Sc,  prevent  the  detection  of 
the  superlattice  lines.  Therefore,  x-ray  diffraction  fails  to  provide  informa¬ 
tion  on  the  degree  of  order  in  PSN. 

(c)  Structure-Property  Relationahip  in  PSN 


The  composition  fluctuation  model  (12)  correlating  the  ferroelectric- 
relaxor  behavior  with  positional  disorder  in  a  certain  crystallographic  site  is 
by  now  well  established.  The  present  study  shows  that  like  PST,  PSN  is  also  a 
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material  whose  degree  of  B-cation  order  and  hence  the  ferroelectric  transition 
behavior  can  be  modified  by  proper  heat  treatment.  Now,  the  conflicting  proper¬ 
ties  reported  earlier  can  be  shown  to  be  to  a  large  extent  the  result  of  differ¬ 
ent  preparation  procedures  which  favored  different  degrees  of  order  in  the 
B-cation  site. 

In  Table  1  the  different  reports  are  arranged  according  to  methods  of 
preparation,  preparation  favoring  disorder  (high  temperature  firing)  at  the  top 
of  the  table  and  preparation  methods  favoring  order  (like  single  crystal  growth 
by  slow  cooling)  at  the  bottom.  It  is  clear  new  that  the  different  reported 
dielectric  properties  result  to  a  large  extent  from  differences  in  the  degree  of 
order  in  the  B-cation  site.  Also  the  reported  transition  temperatures  are  con¬ 
sistent  showing  lower  transition  temperature  for  the  less  ordered,  relaxor 
material.  The  single  crystals  as  grown  behave  almost  like  a  normal  ferroelec¬ 
tric  in  accordance  with  the  present  study.  The  absence  of  superlattice  lines  in 
the  single  crystals  which  lead  previously  (9,13)  to  the  conclusion  that  PSN  is 
disordered  or  at  least  having  only  short-range  order  can  be  explained  again  by 
existence  of  small  antiphase  domains  that  caused  strong  broadening  of  the 
initial  low  intensity  superlattice  reflections.  The  only  unresolved  conflicting 
report  is  the  structure  of  the  ferroelectric  phase  and  the  present  study  deter¬ 
mines  unambiguously  that  the  ferroelectric  phase  in  the  ordered  single  crystal 
PSN  is  rhombohedral . 

This  work  was  supported  by  the  Office  of  Naval  Research,  Contract  No. 

N00014-78-C-0291. 
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ABSTRACT 


Ceramic  dielectrics  which  have  been  fabricated  in  the 
Pb(Mg1^3Nb2^3)03:PbTi03:Ba(Zn1^3Nb2^3>03  composition  system  are 
shown  to  exhibit  two  distinct  dielectric  maxima,  both  of  which  show 
the  characteristic  loss  spectra  of  ferroelectrics  with  diffuse 
phase  transitions.  The  height  of  the  individual  maxima  can  be 
controlled  by  the  Zn:Mg  ratio  in  the  starting  material,  and  in 
suitably  chosen  compositions  a  wide  range  of  almost  temperature 
independent  high  dielectric  permittivity  is  possible.  These 
dielectrics  show  strong  electrostrictive  deformations  under  high 
electric  fields,  but  the  electrostrictive  strain  is  much  less 
temperature  sensitive  than  in  other  relaxors. 


INTRODUCTION 


Lead  Magnesium  Niobate  PbMg^^Nb2/2<->3  (PMN)  is  a  ferroelectric  with 
a  diffuse  phase  transition  near  room  temperature  which  has  been  associated 
with  a  range  of  Curie  temperatures  due  to  local  composition  fluctuations 
in  the  disordered  B  site  cations  in  the  ABO^  perovskite  structure  (1,2). 

Lead  zinc  niobate  PbZn^^2^2/3^3  has  rather  similar  properties  but 

with  the  Curie  range  in  the  vicinity  of  140°C  (3) .  It  would  be  most 
interesting  to  explore  the  solid  solution  range  between  PMN  and  PZN,  however, 
unfortunately  PZN  can  not  be  made  by  solid  state  reaction  under  normal 
pressure  in  the  required  perovskite  form,  but  forms  instead  a  stable  pyrochlore 
structure  phase.  Barium  zinc  niobate  BaZn^^Nb  3/3^3  (®z^)  is  also  of  perovskite 
structure  (4)  but  does  not  exhibit  any  ferroelectric  phase  down  to  temperatures 
below  77°  K.  The  solid  solution  between  barium  zinc  niobate  and  lead  titanate 
(PT)  does,  however,  show  interesting  dielectric  properties  with  a  dielectric 
maximum  near  100 °C  which  changes  in  amplitude  with  composition  (4).  Unlike 
pure  PZN,  the  BZN:PT  solid  solution  can  be  fabricated  by  conventional  solid 
state  reaction,  without  contamination  by  the  unwanted  pyrochlore  structure 
phase. 

In  this  study,  compositions  in  the  ternary  PMN:PT:BZN  system  have  been 
explored.  It  is  shown  that  in  these  solid  solutions,  unlike  the  normal 
sharp  transition  ferroelectric  materials,  the  individual  Curie  ranges 
associated  with  the  Mg  and  Zn  local  concentrations  appear  to  retain  their 
identity.  This  retention  of  two  broad  maxima  in  the  permittivity  whose 
heights  can  be  controlled  by  the  composition,  gives  the  possibility  of 
producing  ceramics  with  very  high  permittivities  and  heretofore  unrealizable 


temperature  stabilities. 
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Electrostrictive  measurements  show  that  these  dual  relaxor  compo¬ 
sitions  retain  the  large  electrostrictive  M  constants  of  the  more  widely 
studied  PMN:PT  compositions  but  with  very  much  reduced  thermal  instability. 

We  believe  that  these  materials,  and  other  possible  dual  relaxor 
compositions  will  find  interesting  application  as  capacitor  dielectrics, 
electrostrictive  position  controls  and  stress  gauges. 

SAMPLE  PREPARATION 

Three  compositions  in  the  PMN:BZN:PT  system  were  chosen  for  initial 
study, 

0.45  PMN:0. 3575  PT:0.1925  BZN 
0.40  PMN : 0 . 36  PT:0.24  BZN 
0.15  PMN : 0 . 50  PT:0.35  BZN 

where  the  numbers  give  the  mole  fraction  of  each  constituent.  These  compositions 
were  synthesized  from  reagent  grade  PbO,  MgO,  T iO^,  ZnO,  and  BaCO^. 

The  chemicals  were  mixed  in  appropriate  proportions,  ball  milled  in  alcohol,  then 
dried  and  calcined  in  air  in  a  closed  alumina  crucible.  Calcining  conditions  were 
15  hours  at  920°C,  regrinding,  followed  by  two  more  heat  treatments  at  950°C  for 
15  hours  each.  The  resulting  calcine  was  reground  in  agate,  then  cold  pressed 
into  disks  2.54  cm  diameter  using  polyvinyl  alcohol  as  a  binder.  The  cold 
pressed  disks  were  then  stacked  on  platinum  setters  and  fired  in  air. 

X-ray  powder  patterns  taken  at  room  temperature  using  Cu  Ka  radiation 
confirmed  a  single  phase  perovskite  as  the  crystal  structure  of  the  ceramic. 

The  lattice  constants  were  determined  from  (200),  (211),  (220),  (310)  and 
(321)  reflections,  using  the  slow  scan  mode  in  a  G.  E.  Diffractometer  for 
enhanced  precision. 

Table  1  summarizes  sintering  behavior,  calculated  and  measured  densities 
and  lattice  parameters  for  the  three  compositions  studied. 
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Grain  size  in  the  final  ceramics  was  estimated  from  scanning  electron 
microscope  images  of  etched  polished  surfaces.  A  5%  HC1  +  0.5%  HF  etching 
for  10  minutes  was  used  to  reveal  the  boundary  structure:  mean  grain  sizes 
determined  by  the  linear  intercept  method  were  in  the  range  4  to  15  p  meters. 
The  micrographs  are  suggestive  of  a  liquid  phase  boundary  region  during 
sintering,  but  attempts  to  distinguish  any  composition  change  in  the  boundary 
region  using  microprobe  techniques  proved  futile;  no  chemically  distinct 
phase  could  be  identified. 

DIELECTRIC  THERMAL  AND  ELECTROSTRICTIVE  MEASUREMENT 

Weak  field  dielectric  permittivity  (E  <  200  V/cm)  was  measured  as  a 
function  of  temperature  using  a  Hewlett  Packard  4270A  automatic  bridge  and 
a  Delta  Design  model  2300  environment  chamber.  Samples  were  in  the  form  of 
disks  0.5  cm  diameter  x  1  mm  thick,  equipped  with  fired-on  silver  electrodes 
on  the  major  faces.  The  data  (Fig.  1)  suggest  that  in  all  three  samples 
there  are  two  separate  relaxation  regions,  one  always  centered  near  0°C, 
the  second  near  to  110°C  which  shifts  slightly  towards  higher  temperature 
with  increasing  BZN  concentrations  In  the  intermediate  region,  the 
permittivity  is  high  but  only  weakly  temperature  dependent,  and  this 
dependence  could  probably  be  reduced  by  a  proper  tailoring  of  the  composition. 

Dielectric  hysteresis  for  the  three  compositions  (Fig.  2)  was  measured 
using  a  driving  frequency  of  0.1  Hz  and  a  modified  balanced  Sawyer  Tower 
circuit.  All  compositions  show  weak  hysteresis,  but  the  field  induced 
polarization  levels  are  not  a  strong  function  of  temperature. 

Thermal  expansion  was  measured  dilatometrically  using  bars  of  each 
composition  35  x  6  x  6  mm,  and  a  Hewlett  Packard  24  DCDT-250  linear  displace¬ 
ment  transducer.  The  runs  shown  in  Fig.  3  were  taken  by  cooling  to  nitrogen 
temperature,  then  heating  at  a  constant  rate  of  0.5°C/ainute  to  500°C. 
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It  is  evident  that  as  with  other  relaxor  compositions  (5)  the  thermal 
expansion  is  low  in  the  Curie  ranges,  but  increases  to  a  normal  value 
^  11  x  10  ^/° C  in  the  high  temperature  region  above  300°C. 

The  transverse  strain  induced  by  electric  fields  along  the  axis 

of  the  disk  was  measured  using  a  bonded  strain  gauge  technique  (6) .  The 
field  was  cycled  at  0.002  Hz.  Transverse  contractions  measured  as  a 
function  of  temperature  on  the  three  compositions  are  summarized  in  Fig.  4. 
Because  of  the  minor  dielectric  hysteresis  it  is  difficult  to  determine 
precise  values  of  but  it  is  clear  from  the  general  magnitude  of 

induced  strain  that  the  M  value  is  comparable  to  that  of  pure  PMN.  The 
major  influence  of  the  higher  relaxation  region  is  apparently  to  reduce  the 
temperature  dependence  of  the  M  coefficient. 

DISCUSSION 

The  major  point  of  interest  in  these  ternary  PMN:PT:BZN  compositions 
is  the  manner  in  which  the  relaxation  maximum  in  £'  associated  with  the 
BZN:PT  solid  solution  is  apparently  little  perturbed  by  the  PMN  addition  which 
appears  rather  to  contribute  its  own  separate  relaxation  to  the 
measured  permittivity  level.  This  behavior  is  in  marked  contrast  to  that  of 
conventional  perovskites'  sharp  Curie  transition  where  the  sharp  transition 
character  is  largely  retained  but  at  a  temperature  intermediate  between  that 
of  the  two  end  member  compositions.  A  possible  explanation  for  this  behavior 
might  reside  in  poor  solid  solution  formation;  however,  attempts  to  homogenize 
the  ceramic  by  repeated  firing  and  grinding  were  unsuccessful,  and  the 
continuous  change  of  cubic  lattice  parameter  suggests  strongly  that  solid 
solution  is  in  fact  already  achieved.  A  more  likely  explanation  we  believe 
is  that  this  difference  may  be  intrinsic  to  the  mechanism  of  the  diffuse 
transition.  If, as  Rolov  (7)  and  Burfoot  and  Clarke  (8)  have  suggested,  the 
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Curie  range  depends  upon  fine  scale  (10  -  100  nun)  fluctuations  in  the 
Mg:Nb  and  Zn:Nb  distributions,  it  does  appear  possible,  particularly  in 
starting  from  the  mixed  oxide  preparations,  that  the  Zn-rich  and  Mg-rich 
regions  may  retain  their  local  identities.  Certainly,  once  the  B  site 
cation  populations  have  been  established  it  will  be  very  difficult  to  effect 
rearrangement  by  any  realizable  thermal  treatment. 

Whatever  the  origin,  however,  the  fact  that  a  dual  peak  relaxor 
behavior  can  be  retained  for  a  wide  range  of  different  conventional  forming 
conditions  has  real  practical  advantage.  It  is  clear  that  with  more  careful 
selection  of  the  proportions,  very  flat  high  K  characteristics  could  be 
achieved.  Further,  if  the  generality  of  this  type  of  behavior  can  be 
established  in  other  relaxor  ferroelectric  compositions,  the  possibility  exists 
of  a  more  precise  tailoring  of  the  required  properties  over  widely  extended 
temperature  ranges. 

That  the  high  electrostrictive  constants  are  retained  in  their  ternary 
compositions  expands  the  possibility  of  using  electrostriction  for  position 
control  over  wider  temperature  ranges,  where  the  reduced  thermal  expansion 
is  also  advantageous.  Finally,  it  must  be  remembered  that  electrostriction 
also  represents  the  stress  dependence  of  the  dielectric  stiffness.  For  the 
usual  ferroelectrics  close  to  T  ,  the  stress  sensitivity  can  be  very  high, 
but  practical  utility  is  frustrated  by  the  correspondingly  high  temperature 
sensitivity  of  stiffness.  It  would  appear  that  in  these  ternary  compositions, 
this  temperature  sensitivity  can  be  largely  suppressed,  and  further  work  is 
now  in  progress  to  determine  the  merits  of  this  composition  family  for 
electrostrictive  stress  gauges. 


6 


REFERENCES 

(1)  G.A.  Smolensky,  A. I.  Agranovskaya.  Soviet  Phys. -Solid  State  1^, 

1429  (1959) . 

(2)  V.A.  Bokov,  I.E.  Mylnikova.  Soviet  Phys. -Solid  State  _3,  613  (1961). 

(3)  V.A.  Bokov,  I.E.  Mylnikova.  Soviet  Phys. -Solid  State  2_,  2428  (1961) 

(4)  S.  Nomura,  H.  Armia.  Japanese  J.  Appl.  Phys.  11,  358  (1972). 

(5)  S.J.  Jang,  K.  Uchino,  S.  Nomura,  L.E.  Cross.  Ferroelectrics  (to 

be  published) . 

(6)  S.  Nomura,  J.  Kuwata,  S.J.  Jang,  L.E.  Cross,  R.E.  Newnham.  Mat.  Res 

Bull.  14,  769  (1979). 

(7)  B.N.  Rolov.  Fiz.  Tverd .  Tela.  6,  2128  (1968). 

(8)  R.A.  Clark,  J.C.  Burfoot.  Ferroelectrics  8,  505  (1974). 


TABLE  I 


Composition 
(Mole  Fraction 


Sintering  Fired  Calculated  Lattice 
(2  hrs)  Density  Density  Constant 


0.45:0.3575:  J. 1925 

1,300°C 

7.4  gm/cm^ 

7.95  gm/cm^ 

4.0227  A 

0.4:0.36:0.24 

1,300 

7.27 

7.90 

4.0244 

0.15:0.5:0.35 

1,280 

7.24 

7.79 

4.0180 

FIGURE  CAPTIONS 


Fig.  1.  Weak  field  dielectric  permittivity  (Fig.  la)  and  tangents  6 

(Fig.  lb)  as  a  function  of  temperature  and  frequency  in  several 
PMN : PT :  B/.N  ceramics. 

Fig.  2.  Dielectric  hysteresis  under  a  cycling  frequency  of  0.1  Hz  for  several 
compositions  in  the  PMN:PT: HZN  family. 

Fig.  3.  Thermal  dilatation  in  different  compositions  of  PMN:PT:BZN  ceramics. 

Fig.  A.  Transverse  electrostrictive  strain  S~  as  a  function  of  cyclic 
driving  field  for  several  PMN:PT*.BZN  ceramics. 
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ABSTRACT 

Lead  germanate  was  used  as  a  liquid  phase  sintering  aid  to 
lower  the  firing  temperature  of  dielectrics  from  the  solid  solution 
system  Pb(Fe2/3W1/3)03-Pb(Fe1/9Nb1/?)03  (PFW-PFN) .  A  10  w/o 
Pb^Ge^O^  addition  to  a  0.3  x  PFW-0.7  x  PFN  composition  sintered 
to  90%  of  theoretical  at  850°C.  The  ceramic  had  a  weakfield  K  at 
25°C  of  over  3000. 
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Introduction 

Multilayer  ceramic  capacitors  with  their  small  size,  high  capacitance, 
electrical  stability  and  low  cost  have  become  increasingly  important  as 
components  in  electronic  devices. 

Inherent  in  the  present  technology  which  uses  dielectrics  based  on  barium 
titanate  is  the  need  for  precious  metal  internal  electrodes. 

It  has  been  obvious  from  their  inception  that  the  capacitor  cost  could 
be  significantly  reduced  if  alternative  less  expensive  electrode  systems  could 
be  found.  The  current  instability  and  rising  prices  of  precious  metals  have 
underscored  this  problem.  In  some  high  capacitance  parts  with  50-70  internal 
electrodes,  the  precious  metal  may  constitute  50-60%  of  the  selling  price  of 
the  capacitor. 

Many  different  approaches  have  been  tried  in  an  effort  to  find  less 
expensive  electrodes.  Current  industry  practice  is  to  use  BaTiO^  dielectrics 
heavily  fluxed  with  additions  of  and/or  PbO.  These  ceramics  can  be 

fired  at  temperatures  around  1100°C  and  are  compatible  with  70  w/o  Ag  -  30  w/o 
Pd  alloy  electrodes. 

Buessem  and  Prokopowicz  (1)  describe  other  alternative  approaches  that 
have  not  been  used  commercially.  There  are  other  interesting  possibilities 

for  reducing  electrode  costs.  The  earliest  work  was  probably  that  of  Herbert 
(2)  who  investigated  the  use  of  nickel  electrodes,  in  the  mid  1950s. 

While  Herbert  succeeded  in  producing  usable  capacitors  the  devices  were 
not  marketed.  The  first  commercially  available  nickel  electroded  multilayers 
were  produced  by  the  U.S.  Capacitor  Co.  in  the  early  1970s.  These  capacitors 
had  serious  reliability  problems  and  were  soon  withdrawn  from  the  market. 

While  rumors  of  new  nickel  base  electrodes  persist,  there  are  none 
presently  available.  The  defect  chemistry  of  dielectrics  that  can  be  fired  in 
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the  neutral  or  reducing  atmospheres  required  for  nickel  is  described  by 
Daniels  (3).  The  close  control  of  composition  necessary  to  produce  dielec¬ 
trics  with  good  electrical  properties  and  the  ability  to  withstand  reducing 
firing  atmospheres  is  difficult  to  achieve  in  a  production  situation  and  may 
limit  the  usefulness  of  this  approach. 

Another  possibility  for  using  nonprecious  metals  in  multi] ayers  is  to  lower 
the  sintering  temperature  of  the  dielectric  into  a  range  where  reducing  firing 
atmospheres  are  not  necessary  or  where  high  silver  content  a21oys  can  be  used. 
Biggers  et  al.  (4)  describe  a  glass-bonded  dielectric  based  on  BaTiO^  and  low 
melting  borosilicate  glasses  that  sintered  at  750°C. 

Unfortunately  the  use  of  glass  as  a  bonding  phase  has  serious  drawbacks. 

The  dielectric  mixing  laws  which  apply  to  the  two-phase  composites  with  a 
dispersed  high  dielectric  constant  phase  (BaTiO^)  in  a  continuous  glass  phase  are 
very  unfavorable  and  composites  with  as  little  as  3-5  w/o  glass  have  dielectric 
constants  of  only  500-700. 

In  an  attempt  to  achieve  higher  K's,  Schulze  and  Biggers  (5)  have  proposed 
the  use  of  Pb^Ge^O^  (PGO)  and  other  low  melting  germanate  phases  as  substi¬ 
tutes  for  glass.  PGO  has  a  melting  point  of  750°C  and  a  dielectric  constant  of 
70  (6).  Composites  of  BaTiO^  and  PGO  produced  by  Park  (7)  showed  evidence  of 
reaction  and  the  dielectric  constants  were  too  low  to  be  of  commercial  interest. 

Schulze  and  Biggers  (5)  have  shown  that  undesirable  reactions  did  not 
occur  with  PGO  and  lead  oxide  containing  phases,  for  example  lead  zirconate- 
lead  titanate  solid  solution. 


The  work  described  in  this  paper  is  an  attempt  to  use  PGO  as  a  bonding 
phase  in  a  new  series  of  dielectrics  based  on  solid  solutions  of  P b C F e 2 ^ l / 2 ^ 3 
(PFW)  and  PbfFe^^Nb^^  (PFN)  developed  by  Yonezawa ,  et  al  (8). 

These  ceramics  have  room  temperature  dielectric  constants  of  over  2000 
and  sinter  without  appreciable  liquid  phase  at  1000°C. 
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It  was  felt  that  combinations  of  PGO  and  PFW-PFN  solid  solutions  might 
produce  composites  with  high  dielectric  constants  sintering  below  850°C. 

These  composites  should  be  compatible  with  100%  Ag  and  possibly  nickel  elec¬ 
trodes. 

Experimental  Procedure 

The  compounds  were  prepared  from  reagent  grade  PbO,  Fe^O^,  WO^, 
and  Ge02-  The  oxides  were  mixed  in  appropriate  proportions,  ball  milled  in 
alcohol  with  alumina  balls,  then  dried  and  calcined  in  air  in  a  closed  alumina 
crucible.  Calcining  temperatures  for  0. 3xPFW-0. 7xPFN  and  PC  were  750°C  and 
650°C  respectively.  The  resulting  masses  were  ground  and  recalcined  to  ensure 
complete  reaction.  The  PFN-PFW  solid  solutions  and  the  Pb^Ge^O^  were  ball 
milled  in  alcohol  for  20  hours,  then  dried  and  cold  pressed  into  disks  1.7  pm 
in  diameter.  Sintering  temperatures  ranged  from  800°  to  900°C  and  times  from 
10  minutes  to  100  minutes. 

X-ray  powder  diffraction  patterns  of  the  solid  solutions,  taken  at  room 
temperature  using  Cu-K^  radiation,  verified  that  the  ceramics  had  a  perovskite 
structure.  To  study  melting  and  recrystallization  of  the  liquid  phase  during 
the  sintering  process,  a  DuPont  model  900  DTA  was  used  for  differential  thermal 
analysis.  Dielectric  properties  were  measured  using  a  Hewlett-Packard  model  4270A 
automatic  capacitance  bridge  and  Delta  model  2300  temperature  chamber.  The 
heating  rate  was  approximately  2°C/minute. 

Results  and  Discussion 

The  densities  and  room  temperature  dielectric  constants  of  composites  fired 
at  various  temperatures  and  times  are  shown  in  Figure  1.  It  appears  that  tem¬ 
perature  is  a  stronger  factor  than  time  in  densi f ication ,  and  after  30  minutes  firing 


the  densities  were  near  maximum  for  all  temperatures. 


With  a  small  increase  in 
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density,  however,  the  dielectric  constants  improve  quite  significantly.  The 
increase  in  K's  were  much  greater  than  would  be  expected  from  normal  density 
corrections  and  suggests  that  the  germanate  phase  surrounding  the  grains  has 
changed  in  composition  or  structure  causing  the  electric  field  distribution 
to  change.  The  tanfi  are  not  plotted  and  were  0.04-0.05  for  all  compositions 
and  firings. 

S KM  micrographs  of  the  ceramics  are  shown  in  Figures  2  and  3.  It  can  be  seen 
that  solid  solution  grains  are  coated  by  a  lead  germanate.  With  large  grain 
size  (MO  pm) ,  lead  germanate  accumulates  in  triple  points  between  the  grains 
as  shown  in  Figure  2(c).  It  was  found  that  the  density  is  lower  with  very  fine 
grain  size  (<1  ym),  and  higher  with  1-3  pm  grains  for  the  same  firing  condi¬ 
tions.  This  might  be  related  to  the  grain  surface  area  and  volume  of  liquid 
phase . 

Figure  4  shows  differential  thermal  analysis  run  at  a  heating  rate  of 
20°C/min  of  a  20  wt%  PGO  composite.  The  endothermal  peaks  on  heating  at  about 
700°C,  750°C,  and  790°C  are  probably  melting  of  Pb^GeO^ (3 : 1) ,  Pb^Ge^O^  (5:3),  and 
PbGeO^  (1:1)  respectively  (9).  This  suggests  that  although  the  starting  compound 
was  the  ferroelectric  Pb^Ge^O^^  (5:3),  a  rapid  reaction  converted  it  to  the  ferro- 
elastic  PbGeO^  (1:1),  and  Pb^GeO,.  (3:1)  as  previously  reported  (5,7,10). 
Conclusions 

In  our  initial  experiments  we  have  shown  that  additions  of  Pb^Ge^O^  to 
Pb(Fe2^W^^)0^  -  Pb^e^^Nb^^)^  can  produce  composites  with  sintering  tem¬ 
peratures  below  850°C.  The  composites  with  10  w/o  PGO  have  room  temperature 
permittivities  above  4000  and  tan6  below  0.05.  Work  in  progress  shows 
that  this  composition  is  compatible  with  100%  Ag  internal  electrodes. 

While  our  evaluation  of  both  the  process  and  the  compositional  ranges 
of  the  germanate  phase  and  the  PFN-PFW  solid  solutions  is  not  complete,  it 
would  seem  that  these  combinations  could  be  potentially  useful  in  commercial 
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Considerations  of  the  influence  of  crystal  symmetry,  macrosymmetry , 
and  interphase  connectivity  have  been  used  to  explore  possible  macro- 
structures  of  interest  as  piezoelectric  composites.  Based  on  these 
design  considerations,  ceramic-plastic  composites  have  been  fabricated 
with  3-3  phase  connectivity  by  the  replication  of  natural  template 
structures  such  as  coral.  Composites  prepared  in  this  way  have  piezo¬ 
electric  and  coefficients  more  than  an  order  of  magnitude  higher 

than  the  coefficients  of  the  homogeneously  poled  ferroelectric  ceramic. 

A  simplified  fabrication  technique  has  been  developed  by  mixing  volatiliz- 
able  plastic  spheres  and  PZT  powder.  When  sintered  and  back-filled  with 
epoxy,  and  poled,  these  composites  give  excellent  piezoelectric  voltage 
coefficients.  Large  voltage  coefficients  were  also  obtained  from  3-1 
piezoelectric  composites  made  by  embedding  PZT  fiber  arrays  in  epoxy 
cement.  A  continuous  poling  method  has  been  developed  for  these  fibers 
which  makes  it  possible  to  assemble  complex  composites  from  pre-poled  PZT 
fibers  in  epoxy  matrices.  Multilayer  composites  with  2-2  connectivity  have 
been  produced  for  filters  and  other  high-f requcnc'-  applications.  Processing 
methods  for  producing,  3-1  and  2-2  connected  composites  are  described. 
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Progress  in  materials  science  —  like  progress  in  most  fields — follows  an 
S-shaped  curve  of  history  (Figure  1).  When  a  new  effect  such  as  ferroelec- 
trieity  is  discovered,  scientific  development  is  rather  slow  at  first,  until  its 
importance  is  recognized.  Then  follows  a  period  of  rapid  growth  when  prac¬ 
tical  applications  and  new  materials  are  discovered.  During  this  period, 
rapid  changes  take  place  in  selecting  the  "best"  material  for  each  ap¬ 
plication.  Eventually  the  field  matures  as  the  choices  are  made,  and  the 
curve  of  history  saturates. 

We  see  this  saturation  effect  in  many  branches  of  solid  state  research. 

In  electroceramics,  lead  zirconate-titanate  (PZT)  has  been  the  best  trans¬ 
ducer  material,  and  barium  titanate  the  best  high-permittivity  capacitor 
material  for  the  past  twenty  years.  Similar  situations  prevail  in  magnetic 
materials,  semiconductors,  ceramics,  and  metallurgy.  Despite  intensive 
search  for  new  compounds,  relatively  few  major  changes  have  been  made  in  the 
past  decade. 

Led  by  the  semiconductor  industry,  materials  science  now  appears  to 
have  entered  a  new  era,  the  age  of  carefully  patterned  inhomogeneous  solids 
designed  to  perform  specific  functions.  Examples  of  heterogeneous  systems 
optimized  for  particular  applications  include  semiconductor  integrated 
circuits,  fiber-reinforced  metals,  and  barrier-layer  ferroelectric  capacitors. 
No  longer  as  much  concerned  with  the  properties  of  the  best  single-phase 
materials,  many  investigators  now  search  for  the  best  combination  of  materials 
and  ways  to  process  them.  In  a  very  real  sense,  the  field  has  matured  from 
materials  science  to  materials  engineering  just  as  electrical  science  changed 
to  electrical  engineering  many  years  ago. 

In  most  electronic  devices  there  are  several  phases  involved  and  a  number 
of  material  parameters  to  be  optimized.  An  electromechanical  transducer,  for 
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Figure  1.  Curve  of  History  for  materials.  Discovery  is 
followed  by  a  period  of  rapid  development,  and  then  a 
leveling  off.  The  use  of  composites  sometimes  leads  to 
further  progress. 


example,  might  require  a  combination  of  properties  such  as  a  large  piezo¬ 
electric  coefficient  (d  or  g) ,  low  density,  and  high  mechanical  flexibility. 

A  pyroelectric  detector  might  require  a  large  pyroelectric  coefficient,  low 
thermal  capacity,  and  low  dielectric  constant.  In  general,  the  task  of 
materials  design  may  be  considerably  simplified  if  it  is  possible  to  devise 
a  figure  of  merit  which  combines  the  most  sensitive  parameters  in  a  form 
allowing  simple  intercomparison  of  the  possible  "trade  offs"  in  property 
coefficients.  In  certain  pyroelectric  systems,  for  example,  a  useful 
figure  of  merit  is  p/e  where  p  is  the  pyroelectric  coefficient  and  e  the 
electric  permittivity. 

Unfortunately,  the  figure  of  merit  often  involves  property  coefficients 
which  are  conflicting  in  nature.  To  make  a  flexible  electromechanical  trans¬ 
ducer  it  would  be  desirable  to  have  the  large  piezoelectric  effects  found  in 
poled  piezoelectric  ceramics,  but  ceramics  are  brittle  and  stiff  lacking  the 
required  flexibility,  while  polymers  with  the  desired  mechanical  properties 
are  at  best  very  weak  piezoelectrics.  Thus,  for  such  an  application  a 
composite  material  combining  the  desirable  properties  of  two  different 
phases  might  be  vastly  superior.  The  main  problem  is  to  effect  the  combination 
in  such  a  manner  as  to  exploit  the  desirable  features  of  both  components  and 
thereby  maximize  the  figure  of  merit. 

During  the  past  few  years  we  have  been  experimenting  with  piezoelectric 
and  pyroelectric  composites  made  from  plastics  and  ferroelectric  ceramics, 
hoping  to  improve  on  some  of  the  properties  of  homogeneous  materials  (1,2,3). 
Some  of  the  results  are  summarized  in  this  paper,  along  with  a  few  design 
principles  and  potential  applications. 

2.  Design  Principles 

Combining  materials  means  not  only  choosing  component  phases  with  the  right 
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properties,  but  also  coupling  them  in  the  best  manner.  Connectivity  of  the 
individual  phases  is  of  utmost  importance,  because  this  controls  the  elec¬ 
tric  flux  pattern  as  well  as  the  mechanical  properties.  Symmetry  is  a  second 
important  consideration,  since  symmetry  and  properties  are  interrelated 
through  tensor  coefficients.  In  this  regard  there  are  several  levels  of 
symmetry  to  be  considered:  the  crystallographic  symmetry  of  each  phase,  the 
symmetry  after  processing,  the  combined  symmetry  of  the  composite,  and  the 
environmental  influence  on  the  total  symmetry  including  electrodes  and  clamps. 

The  points  of  interest  are  schematically  formalized  in  Figure  2  for  a  simple 
two-phase  system.  It  is  interesting  to  note  that  in  some  composites,  not  only 
are  the  properties  of  the  separate  phases  modified  (sum  properties) ,  but  the 
composite  may  exhibit  completely  new  couplings  (product  properties)  not  found 
in  the  separate  phases. 

2 . 1  Sum  Properties  and  Product  Properties 

A  physical  property  relates  an  input  physical  quantity  X  to  an  output  physical 
quantity  Y.  The  X-Y  effect  may  be  a  linear  relationship  specified  by  a 
property  coefficient  C  =  3Y/3X,  or  it  may  be  a  more  complicated  effect.  As 
pointed  out  by  van  Suchtelen  (4),  two  classes  of  X-Y  effects  can  be  disting¬ 
uished  in  composites. 

Sum  properties  are  those  in  which  the  X-Y  effect  of  the  composite  is 
determined  by  the  X-Y  effects  in  phases  1  and  2.  As  an  example,  consider  the 
stiffening  of  a  matrix  by  strong  parallel  fibers.  Young’s  modulus  of  the 

composite  (E)  depends  on  the  moduli  of  the  matrix  phase  ('''E)  and  the  embedded 

2  -  1  2 
fiber  phase  (  E) .  In  the  direction  of  the  fibers,  E  is  given  by  Ev  +  E(l-v) , 

where  v  is  the  volume  fraction  (5).  When  measured  in  various  directions,  such 

properties  often  vary  between  the  geometric  and  arithmetic  mean  of  the  propertie 

associated  with  the  constituent  phises. 
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Figure  2.  Flow  chart  illustrating  design 
considerations  for  optimizing  the  perform¬ 
ance  of  solid  state  devices.  The  task  of 
the  materials  engineer  is  to  find  the 
materials,  processing  methods,  and  con¬ 
nectivity  patterns  which  maximize  the  fig¬ 
ure  of  merit. 
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Product  properties  are  less  expected  and  somewhat  more  complicated:  An 
X-Y  effect  in  the  composite  results  from  an  X-Z  effect  in  phase  1  and  a 
Z-Y  effect  in  phase  2.  Dther  words,  applying  X  to  the  composite  causes 

Z  to  change  in  phase  1,  change  in  Z  in  phase  1  causes  Z  to  change  in 

phase  2,  which  then  results  in  a  change  in  Y  in  phase  2.  The  transfer  of 
the  quantity  Z  from  1  to  2  can  be  accomplished  by  several  different  kinds 
of  coupling. 

As  an  example  of  a  product  property,  consider  a  magnetoelectric  composite 
made  from  a  ferroelectric  (phase  1)  and  a  ferromagnetic  (phase  2).  Crys¬ 
tallites  of  the  two  phases  are  assumed  to  be  in  good  mechanical  contact. 

The  ferroelectric  grains  are  poled  near  the  ferroelectric  Curie  temperature 
in  a  strong  electric  field  to  make  the  composite  piezoelectric.  Magnetic 
poling  of  the  ferromagnetic  phase  is  accomplished  in  a  similar  way,  by 
annealing  the  composite  in  a  magnetic  field. 

When  an  electric  field  is  applied  to  a  magnetoelectric  composite  of 
this  type  the  ferroelectric  grains  elongate  parallel  to  the  electric  field. 

The  change  in  shape  of  the  ferroelectric  grains  causes  the  ferromagnetic 
gains  to  deform,  resulting  in  a  change  in  magnetization.  Magnetoelectric 
measurements  on  BaTiO^-CoFe^O^  composites  prepared  by  unidirectional 
solidification  at  the  eutectic  composition  show  magnetoelectric  coefficients 
two  orders  of  magnitude  larger  than  the  best  single  phase  material  (6,7). 

2 . 2  Connectivity 

Connectivity  is  a  key  feature  in  property  development  in  multiphase  solids 
since  physical  properties  can  change  by  many  orders  of  magnitude  depending 
on  the  manner  in  which  connections  are  made.  Imagine,  for  instance,  an 
electric  wire  in  which  the  metallic-  conductor  and  its  rubber  insulation 
were  connected  in  series  rather  than  in  parallel! 
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Each  phase  in  a  composite  may  be  sel f-connec ted  in  zero,  one,  two,  or 
three  dimensions.  It  is  natural  to  confine  attention  to  three  perpendicular 
axes  because  piezoelectricity  and  other  property  tensors  are  referred  to 
such  systems  (8).  If  we  limit  the  discussion  to  diphasic  composites,  there 
are  ten  connectivities  designated  as  0-0,  1-0,  2-0,  3-0,  1-1,  2-1,  3-1,  2-2, 
3-2,  and  3-3.  The  ten  different  connectivities  are  illustrated  in  Fig.  3, 
using  a  cube  as  the  basic  building  block.  A  2-1  connectivity  pattern,  for 
example,  has  one  phase  self-connected  in  two-dimensional  layers,  the  other 
self-connected  in  one-dimensional  chains  or  fibers.  The  connectivity 
patterns  are  not  geometrically  unique.  In  the  case  of  a  2-1  pattern  the 
fibers  of  the  second  phase  might  be  perpendicular  to  the  layers  of  the 
first  phase,  as  in  Figure  3,  or  they  might  be  parallel  to  the  layers. 

In  passing  we  note  that  connectivity  patterns  for  more  than  two  phases 
are  basically  similar  to  the  diphasic  patterns,  but  far  more  numerous. 

There  are  20  three-phase  patterns  and  35  four-phase  patterns  compared  to 
the  10  two-phase  patterns  in  Figure  3.  For  n  phases  the  number  of  connectivity 
patterns  is  (n  +  3)!/3!n!  Triphasic  connectivity  patterns  are  important 
when  electrode  patterns  are  incorporated  in  the  diphasic  ceramic  structures. 


2 . 3  Processing  Methods 

During  the  past  few  years  we  have  been  developing  processing  techniques  for 
making  diphasic  ceramic  composites  with  different  connectivities.  Extrusion, 
tape-casting  and  replatnine  methods  have  been  especially  successful.  The 
3-1  connectivity  pattern  in  Figure  3  is  ideally  suited  to  extrusion  processing 
A  ceramic  slip  is  extruded  through  a  die  giving  a  three-dimensionally 
connected  pattern  with  one-dimensional  holes,  which  can  later  be  filled 
with  a  second  phase. 

Another  type  of  connectivity  well  suited  to  processing  is  the  2-2 

I  •  - 


Figure  3.  Ten  connectivity  patterns  for  a  diphasic 
solid.  Each  phase  has  zero-,  one-,  two-  or  three- 
dimensional  connectivity  to  itself.  In  the  3-1 
composite,  for  instance,  the  shaded  phase  is  three- 
dimensional  1  y  connected  and  the  unshaded  phase  is 
one-dimensional ly  connected.  Arrows  are  used  to 
indicate  the  connected  directions.  Two  views  of  the 
3-3  and  3-2  patterns  are  given  because  the  two  in¬ 
terpenetrating  networks  are  difficult  to  visualize 
on  paper.  The  views  are  related  by  90°  counter¬ 
clockwise  rotation  about  Z. 
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pattern  made  up  of  alternating  layers  of  the  two  phases.  The  tape-casting 
of  multilayer  capacitors  with  alternating  layers  of  metal  and  ceramic  is 
a  way  of  producing  2-2  connectivity.  In  this  arrangement  both  phases  are 
self-connected  in  the  lateral  X  and  Y  directions  but  not  connected 
perpendicular  to  the  layers  along  2. 

In  3-2  connectivity,  one  phase  is  three-dimensionally  connected,  the 
other  is  two.  This  pattern  can  be  considered  a  modified  multilayer  pattern 
with  2-2  connectivity.  If  holes  are  left  in  the  layers  of  one  phase,  layers 
of  the  second  phase  can  connect  through  the  holes  giving  three-dimensional 
connectivity . 

The  most  complicated  and  in  many  ways  the  most  interesting  pattern 
is  3-3  connectivity  (Figure  2)  in  which  the  two  phases  form  interpenetrating 
three-dimensional  networks.  Patterns  of  this  type  often  occur  in  living 
systems  such  as  coral  where  organic  tissue  and  an  inorganic  skeleton 
interpenetrate  one  another.  These  structures  can  be  replicated  in  other 
materials  using  the  lost-wax  method  (9).  The  replamine  process,  as  it  is 
called,  can  also  be  used  to  duplicate  the  connectivity  patterns  found  in 
foam,  wood,  and  other  porous  materials. 

Four  examples  of  electroceramics  with  different  connectivity  patterns 
are  shown  in  Figure  4.  Diphasic  ceramic  capacitors  have  been  made  of  BaTiO^ 
grains  separated  by  thin  layers  of  NaNbO^  in  the  grain  boundary  regions. 

The  sodium  niobate  is  three-dimensionally  connected  while  the  barium 
titanate  grains  are  not  in  contact,  making  it  a  3-0  connectivity  pattern. 

The  ceramic  is  manufactured  by  liquid  phase  sintering  at  temperatures 
above  the  melting  point  of  NaNbO^  but  below  that  of  BnTiO^.  At  these 
temperatures,  sodium  niobate  melts  and  coats  the  BaTiO^  grains  hut  rapid 
cooling  prevents  reaction  between  the  two  phases.  High  dielectric  constant 
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capacitors  made  with  these  microstructures  show  excellent  high-vol tape 
characteristics.  Normally,  the  polarization  of  barium  titanate  capacitors 
saturates  at  high  voltages,  with  the  dielectric  constant  decreasing  by 
as  much  as  a  factor  of  two;  but  separating  the  grains  of  ferroelectric 
BaTiO^  with  a  thin  layer  of  antif erroelectric  NaNbO^  compensates  the 
saturation  effect  to  give  a  flat  voltage  response  (10). 

PZT-plastic  composites  with  3-0  connectivity  have  been  examined  by 
Furukawa,  Fujino  and  Fukada  (11).  Samples  containing  10  to  30%  PZT  were 
made  by  embedding  fine-grained  powder  in  an  epoxy  resin  then  sliced  into 
thin  wafers,  and  electroded  with  silver.  Limited  poling  was  possible 
because  of  the  conductivity  of  the  epoxy,  but  the  piezoelectric  coefficients 
were  small.  Mixing  rules  were  developed  for  spherical  piezoelectric  in¬ 
clusions  in  a  non-piezoelectric  matrix.  The  calculated  d^  values  gave 
reasonable  agreement  with  experiment. 

Connectivity  patterns  can  be  synthesized  as  macrostructures,  as  micro- 
structures,  or  even  as  crystal  structures.  The  BaTiO^-NaNbO^  composite  just 
considered  had  a  3-0  microstructure.  The  next  three  examples  involve  macro¬ 
structures  with  3-1,  2-2,  and  3-3  connectivities.  Figure  4b  shows  an  ex¬ 
truded  BaTiO^  honeycomb  ceramic  made  by  Dr.  Irwin  Lachman  of  the  Corning 
Research  Center.  The  ceramic  is  three-dimensional  1 y  connected  with  empty 
channels  in  one  direction  to  provide  the  desired  3-1  connectivity.  When 
the  channels  are  filled  with  metal  electrodes,  sizable  electric  fields 
can  be  applied  across  the  thin  ceramic  walls.  The  device  is  intended  for 
use  as  an  el  ectrostrictive  micropositioner  for  adaptive  optic  systems. 

Two  composite  piezoelectric  transducers  are  illustrated  in  Figures  4c 
and  4d.  The  multilayer  composite  of  "hard"  and  "soft"  PZT  has  2-2  con¬ 
nectivity  and  properties  superior  to  a  single-phase  piezoelectric.  The 
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soft  PZT  has  a  large  piezoelectric  response  and  is  kept  in  a  poled  state 
bv  the  hard  PZT.  Figure  3d  shows  a  silicone  rubber-l’ZT  composite  made 
by  the  replamine  process  (2).  The  3-3  connectivity  provides  mechanical 
strength  and  flexibility  from  the  high  polymer,  and  electric  continuity 
and  a  large  piezoelectric  effect  from  PZT.  The  last  two  materials  will 
be  discussed  in  more  detail  later. 


3 .  Piezoelectricity 

A  number  of  materials  with  acentric  structure  develop  an  electric  polar¬ 
ization  in  response  to  mechanical  stress.  The  magnitude  of  the  charge  is 
linearly  proportional  to  the  applied  stress  through  the  piezoelectric 
coefficient  d,  and  the  sign  of  the  charge  can  be  changed  by  reversing  the 
direction  of  the  stress. 

Piezoelectric  materials  can  be  either  single  crystals  or  polycrystalline. 
Quartz  is  the  most  widely  used  single  crystal  piezoelectric  and  finds  ap¬ 
plications  primarily  in  electronic  frequency  control  as  resonators  and  filters. 
Polycrvstalline  materials  are  generally  isotropic  after  densif ication ,  but 
can  be  made  piezoelectric  if  the  material  is  ferroelectric.  A  polar  axis 
is  introduced  by  electroding  the  ceramic  and  applying  a  high  electric  field 
(typically  nbmt  3MVm~l)  at  temperatures  just  below  the  Curie  temperature. 
Polycrystalline  ceramic  piezoelectrics  are  easily  fabricated  in  complex 
shapes  and  are  considerably  less  expensive  than  single  crystals.  PZT 
(PbZr  Ti^^O^)  is  t^le  most  widely  used  piezoelectric  ceramic. 

The  polarization  (P^)  developed  in  a  piezoelectric  under  applied  stress 

T  .  is 


The  converse  piezoelectric  effect  is  given  by 

S  =  d  .  .E. 
i  .1 1  J 
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where  is  a  ..train  component  ,  E  the  applied  electric  field,  and  d^ 
the  piezoelectric  coefficient  expressed  in  coulombs  per  newton,  or  meters 
per  volt.  Subscripts  i  and  j  refer  to  orthogonal  directions  within  the 
specimen  (8).  In  ceramics,  the  poling  direction  is  taken  as  X^. 

Large  d..  coefficients  are  desirable  in  piezoelectric  driver  ap¬ 
plications  such  as  ultrasonic  cleaners  and  sonar.  For  gramophone  pick-ups 
and  hydrophones  a  useful  figure  of  merit  is  the  piezoelectric  voltage 
coefficient,  g,  defined  by: 

(3) 

L  . 

1 

where  c ^  is  the  dielectric  permittivity  of  the  material. 

Typical  single  crystal  and  polycrystalline  piezoelectrics  and  some  of 
their  relevant  electromechanical  properties  are  listed  in  Table  1. 

3 . 1  Flexible  Transducers 

There  is  considerable  practical  interest  in  developing  low-density,  compliant, 
flexible  piezoelectric  transducers.  A  low-density  piezoelectric  would  have 
better  acoustic  coupling  to  water  and  have  more  easily  adjusted  buoyancy  than  the 
high-density  PZT  ceramics  now  usea  for  hydrophones.  A  compliant  material 
would  have,  better  resistance  to  mechanical  shock  than  a  convent ional  ceramic 
transducer  and  a  large  compliance  would  also  mean  high  damping,  which  is 
desirable  in  a  passive  device.  A  flexible  material  could  be  deformed  to  any 
desired  profile.  The  development  of  a  piezoelectric  material  which  ex¬ 
hibits  this  combination  of  seemingly  conflicting  properties  may  be 
carried  out  in  basically  two  different  ways.  The  traditional  approach 
is  to  look  for  a  single  homogeneous  material  possessing  all  the  required 
properties.  A  material  of  current  interest  in  this  category  is  poly 
(vinyl idene  fluoride),  generally  referred  to  as  PVF^. 
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TABLE  1  Properties  of  Common  Piezoelectric  Materials  (reference  12). 


Polymer  (“mm) 
(Biaxial ly  stretched 
and  poled) 
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Piezoelectricity  was  first  reported  in  this  material  in  1969  by 
Kawai  (13).  In  order  to  make  PVF?  piezoelectrical ly  active,  a  film  of 
the  material,  usually  about  25  to  75  pm  thick,  is  electroded  and  polarized 
under  very  large  electric  fields  (about  10  to  100  MVm  *)  at  elevated  temper¬ 
atures  (>100°C)  for  times  up  to  several  hours.  The  films  are  then  cooled 
to  room  temperature  before  the  field  is  turned  off  (14)  .  PVF^  has  a  di¬ 
electric  constant  of  15  which  is  high  for  normal  organic  materials  but 
two  orders  of  magnitude  lower  than  a  typical  PZT  ceramic.  The  longitudinal 
piezoelectric  strain  coefficients  (d^)  of  "poled"  PVF^  are  quite  high  for 
polymers — on  the  order  of  10  pCN-^,  but  this  is  also  significantly  lower 
than  the  d^  values  for  PZT  ceramics  which  range  from  about  100  to  600  pCN--*-. 
Although  PVF2  has  a  relatively  small  d^,  the  permittivity  of  this  material  is 
low  enough  that  a  large  figure  of  merit  (g^)  is  obtained  (140  x  10“^  VmN~^ 
compared  to  about  20  x  lCT^  VmN~l  for  a  typical  PZT  ceramic)  (15).  The 
compliance  and  flexibility  of  PVF?  is  high  and  its  density  is  low  compared 
to  conventional  ceramic  piezoelectrics.  Overall,  this  combination  of 
properties  appears  quite  attractive  and,  in  fact,  PVF0  has  gained  the 
attention  of  a  number  of  investigators  whose  efforts  have  been  directed 
toward  developing  devices  based  on  piezoelectricity  in  PVF^  (15,16).  There 
are,  however,  problems  associated  with  the  use  of  PVF2 .  The  low  piezoelectric 
strain  coefficient  indicates  that  the  material  would  not  be  of  interest  as 
an  active  device,  and  although  its  high  voltage  sensitivity  means  it  may 
be  good  as  a  passive  device,  a  problem  arises  here,  too.  When  used  as  a 
hydrophone,  the  material  must  be  fixed  to  a  curved  surface  which  can  flex  in 
response  to  pressure  changes.  The  difficulty  lies  in  designing  a  sealed 
flexible  mount  for  the  polymer  which  will  function  when  exposed  to  the 
high  pressures  which  exist  deep  in  the  ocean  and  still  retain  sensitive  tv 
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when  near  the  surface.  So  we  see,  then,  that  the  figure  of  merit  g_  is 
not  the  sole  criterion,  but  that  other  aspects  of  the  problem  must  be 
exarai ned. 

A  second  approach  involves  the  design  and  use  of  a  composite  material. 
The  composite  should  be  designed  to  take  maximal  advantage  of  the  useful 
properties  of  each  phase.  A  logical  choice  is  a  composite  made  of  a 
polymer  and  a  PZT  ceramic.  The  polymer  phase  would  lower  the  density  and 
permittivity  and  increase  the  elastic  compliance.  If  an  elastomer  is 
used,  the  composite  would  be  compliant  and  flexible.  The  properties  of 
piezoelectric  PZT  are  well  known  to  elec t romechanical  transducer  designers, 
and  these  materials  could  impart  large  piezoelectric  strain  coefficients  to 
the  composite.  A  few  attempts  have  been  made  at  creating  an  elastomer/PZT 
composite  for  use  as  a  flexible  low-density  transducer  (17).  The  approach 
used  in  these  attempts  was  to  load  a  polymer  film  with  particles  of  a 
piezoelectric  material.  The  degree  of  flexibility  and  the  magnitude  of  the 
d  and  g  coefficients  are  primarily  controlled  by  the  size  of  the  piezo¬ 
electric  particles  in  the  heavily  loaded  elastomer  film. 

Earlier  flexible  composites  made  at  Gould  were  fabricated  using  5  to 
10  wm  particles  bound  in  a  polyurethane  matrix.  A  similar  material  (T-flex) 
was  developed  by  Harrison  (17)  using  120  urn  particles  in  a  silicone  rubber 
matrix.  The  longitudinal  d  values  obtained  in  both  cases  were  comparable 
to  the  piezoelectric  PVF^  material  but  the  voltage  sensitivities  were 
lower  because  of  the  higher  permittivities  in  the  composites.  The  dif¬ 
ficulty  with  this  type  of  composite  where  the  piezoelectric  particles  are 
smaller  in  diameter  than  the  thickness  of  the  polymer  sheet  (Figure  5a)  is 
that  low  permittivity  polymer  layers  interleave  the  piezoelectric  particles 


Phase  2 
Phase  1 


(b) 


Phase  2 
Phase  1 


Figure  5.  Two  types  of  piezoelectric/polymer 
composites:  (a)  represents  small  piezoelectric 
particles  suspended  in  a  polymer  film;  (b)  rep¬ 
resents  bound  piezoelectric  particles  of  a  size 
comparable  to  the  thickness  of  the  polymer  sheet 
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preventing  saturation  poling  after  the  composite  is  formed.  After  some 
poling  has  been  achieved,  the  interleaved  compliant  polymer  attenuates 
the  piezoelectric  response  of  the  composite. 

Composites  are  made  at  Honeywell  (17)  which  contained  much  larger 
particles  (up  to  2.4  mm  in  diameter).  A  material  of  this  type  is  shown 
schematically  in  Figure  5b.  Here  the  particle  size  approaches  the  thickness 
of  the  composite.  Since  the  piezoelectric  particles  run  from  electrode  to 
electrode,  near  saturation  poling  can  be  achieved.  The  large  rigid  piezo¬ 
electric  particles  can  transmit  an  applied  stress  well  leading  to  high  d 
values  if  d  is  measured  across  the  particles.  Permittivities  in  these 
materials  are  low  compared  to  homogeneous  PZT,  resulting  in  high  g  coefficient. 
The  problem  here  is  that  properties  of  the  composite  are  extremely  position 
sensitive. 

To  make  an  effective  composite  transducer,  it  can  be  seen  that  one 
cannot  merely  mix  two  materials  together — some  other  consideration  is 
necessary.  Designing  a  composite  entails  not  only  choosing  component 
phases  with  the  right  properties  but  also  coupling  the  materials  in  the 
optimal  manner.  The  connectivity  of  each  phase  is  of  major  importance 
since  this  controls  the  electric  flux  pattern  and  the  mechanical  stress 
distribution. 

3 . 2  Composites:  Series  Connection 

To  illustrate  the  major  modifications  in  ensemble  properties  which  can  be 
effected  even  in  simple  linear  systems,  one-dimensional  solutions  are 
presented  for  the  piezoelectric  and  pyroelectric  properties  of  heterogeneous 
two-phase  structures  (1,2). 
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Consider  first  the  piezoelectric  properties  of  lamellar  diphasic  com¬ 
posites.  Longitudinal  piezoelectric  coefficient  has  been  derived  for 

a  diphasic  piezoelectric  with  the  constituent  phases  arranged  in  alter¬ 
nating  layers  normal  to  the  direction  (Fig.  6a).  Designating  phase  1 
with  a  superscript  1,  and  phase  2  with  superscript  2,  phase  1  has  volume 

fraction  1^,  piezoelectric  coefficient  ^d  and  permittivity  and 

2  2  2 

phase  2  has  v,  d^,  and  e33’  resPectively •  Solving  for  the  piezoelectric 
coefficient  of  the  composite  gives 


Ufcj 


Phase  1 
Phase  2 


(a) 


Phase  ^  Phase  1 


Figure  6.  The  series  (a)  and  parallel 
(b)  models  used  in  estimating  the  piezo 
electric  and  pyroelectric  effects  of  di 
phasic  solids. 


It  is  interesting  to  note  that  for  series  connection  even  a  very  thin  low- 


permittivity  layer  rapidly  lowers  the  d-coef f icient  but  has  little  effect 
on  the  corresponding  g-coef ficient. 

3. 3  Composites:  Parallel  Connection 

If  the  two  phases  lie  in  layers  perpendicular  to  the  electrode  (Figure  6b), 
again  for  the  one-dimensional  case  and  neglecting  transverse  coupling,  the 
composite  piezoelectric  coefficient  is 


‘33 


11,2  22  1 

V  d33  S33  +  V  d33  S33 
12  2  1 

V  S33  +  V  S33 


(3) 


1  ,  2 

s^^  an“  5 

electrodes.  For  the  voltage  coefficient. 


where  s^  and  s33  are  the  elastic  compliances  for  stresses  normal  to  the 


1  1  2  2  2  1 

=  V1  d33  S33  +  V  d33  S33 

=33  ,12  ?1  ,  ,1  1  2  2 

(  v  s,7  +  v  s 33 )  (  v  e33  +  v  e „) 


(4) 


33  33  '33  33 

A  composite  of  interest  here  is  that  of  an  elastically  compliant  nonpiezo 

electric  in  parallel  with  a  stiff  piezoelectric.  In  this  case  1  >>  2 

33 

1  <"<2  ,1=2=  1/2  then  d  -  1  ,  and  if  1  >>  2  ,  then  g.„ 

S33  S33  V  v  33  d33  e33  C33  33 


d33  ’ 


1 


g33>  and  for  smaller  volume  fractions  of  the  piezoelectric  phase,  the  g- 


coefficient  is  correspondingly  amplified.  It  is  this  case  which  accounts  for 
the  highly  successful  performance  of  the  replamineform  transducer  structure 
described  in  a  later  paper.  The  structure  also  has  considerable  hydrostatic 
sensitivity . 


3 .  4  Hydrostatic  Sensitivity 

A  problem  arises  when  one  attempts  to  use  solid  PZT  as  a  hydrostatic  sensor 
because  d33  is  approximately  equal  to  -2d^  resulting  in  a  low  piezoelectric 
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response  to  hydrostatic  pressure  change.  Since  sizable  g  roe f f i c i on t s 
can  be  obtained  for  composites  with  parallel  connection,  it  is  interesting 
to  inquire  into  the  hydrostatic  sensitivity  of  this  t vpe  of  connectivity  (2). 

To  evaluate  the  effective  hydrostatic  sensitivity  for  parallel  connection, 

it  is  necessary  to  evaluate  the  transverse  piezoelectric  coefficient  d^  since 

P^  =  “P^33  +  2d^)  where  p  is  the  applied  hydrostatic  pressure.  Since  the 

PZT  rods  are  connected  in  series  in  the  lateral  directions  it  can  be  shown 

a,  1  1  2  2 

that  d^  =  v  d^  +  v  d^.  This  leads  to  a  hydrostatic  piezoelectric 
coefficient 

1  1  2  2  2  1 

v  d  s  _  +  v  d  s  .1  1  ,22  . 

”  _  ~  ^  33  33  33  11  +  2  v  d„,  +  v  d„,) 

dh  -  d33  +  2d31  -  — n — 771 - 31  31 

VS33+  v  s33 

Suppose  for  the  composite  we  choose  equal  volumes  of  piezoelectric  PZT 

(phase  1)  and  a  soft  elastomer  (phase  2)  such  that  1  =  2  =  h.  1  r< 

v  v  s 

21211  -  1JJ 

s^-j,  >>  d^^,  and  d^^  =  -2  d^.  For  the  composite  d^  =  d^  and 

33  =  ld33’  giving  dh  =  15  ld33’ 

This  is  a  considerable  improvement  over  single  phase  performance.  Since 

the  hydrophones  used  under  hydrostatic  conditions  are  normally  voltage  genera¬ 
tors,  the  further  favorable  enhancement  of  the  voltage  coefficient  g  can 

h 

also  be  exploited:  gK  =  dk/c^^.  Lowering  the  permittivity  increases 


3h  h'  33 

the  sensitivity  to  small  pressure  changes  by  raising  g 


4,  Piezoelectric  Composites  with  3-1  Connectivity 

Considering  the  parallel  connectivity  described  above,  the  ideal  three 
dimensional  case  is  one  of  PZT  rods  embedded  in  a  continuous  polymer  phase, 
that  is,  3-1  connectivity  (section  2.2).  According  to  this  equal  strain 
composite  theory,  d^  should  not  be  a  function  of  t lie  volume  fraction  of 
PZT  in  the  composite.  This  assumes  an  idealized  situation  in  which  the 
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polymer  phase  is  far  inure  compliant  than  PZT,  causing  all  the  stress  on  the 
polymer  to  be  transferred  to  the  PZT  rods.  That  is,  as  the  volume  fraction 
of  PZT  decreases,  the  stress  on  the  rods  increases  proportionally,  so  that 
the  charge  per  unit  area  of  the  composite  is  constant.  For  pressure  sensors, 


it  is  not  necessarv  that  i'  be  largo  in  order  to  enhance  the  d,  coefficient 

3  3  ii 

of  the  composite.  If,  as  the  volume  fraction  of  PZT  is  decreased, 

decreases  more  rapidly  than  d.,.,,  then  d.  will  be  increased.  Likewise,  if 

J  3  n 

decreases  more  rapidly  than  d( ,  as  the  volume  fraction  PZT  decreases, 
then  g  will  be  enhanced. 

ri 


4 . 1  Fabrication  Method 

The  thin  PZT  rods  required  for  3-1  composites  must  be  sintered  to  near 

-3 

theoretical  density  (7900  kgm  )  before  they  can  be  poled.  For  the  composite 
transducers  described  here,  the  rods  are  formed  by  extrusion  of  a  PZT-organic 
binder  slip  (18) . 

Ninety  weight  percent  PZT  is  mixed  with  a  solution  of  2 %  polyvinyl 
alcohol  and  8 %  water,  and  the  mixture  ball  milled  for  16  hours  to  homogenize 
the  slip.  Further  homogenization  is  achieved  by  repeatedly  extruding  the 
slip  through  a  one  mm  diameter  die.  The  PZT  rods  are  then  extruded  onto  a 
moving  glass  plate,  dried  for  ten  hours  at  120°C,  cut  into  3  cm  lengths 
and  heated  at  550°C  for  30  minutes  to  burn  out  the  binder.  Sintering  is 
carried  out  at  1300°C  for  30  minutes  in  the  presence  of  a  PbO  vapor  source 
composed  of  97  mole  %  PZT  and  3  mole  %  PbO  to  compensate  for  lead  loss.  To 
reduce  porosity  and  improve  their  dielectric  breakdown  strength,  the 
sintered  rods  are  refired  in  a  hot  isostatic  press  (FTP)  for  one  hour  at 
1300°C  under  20  MPa  argon  pressure.  Use  of  the  HIP  unit  increases  the 
relative  density  of  the  rods  from  0.94  to  about  0.98.  PZT  rods  ranging 
between  200  and  840  lira  in  diameter  have  been  used  in  the  composites. 
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A  fixture  consisting  of  two  brass  discs,  each  with  an  array  of  holes, 
is  used  to  align  the  rods  (Figure  7).  Several  hole  patterns  have  been 
drilled  for  each  of  the  rod  sizes  so  that  composites  of  50,  40,  30,  20  and 
10  volume  %  PZT  can  be  prepared.  When  a  rack  has  been  filled  with  rods  it 
is  placed  in  a  plastic  tube  and  the  tube  filled  under  vacuum  with  the 
appropriate  epoxy  resin,  thus  ensuring  complete  investment  of  the  rods  by 
the  polymer.  The  epoxy  is  cured  at  70°C  for  sixteen  hours,  and  segments 
1,  2,  3  and  4  mm  in  thickness  are  cut  from  the  slug  (Figure  7)  with  a 
diamond  saw.  The  excess  epoxy  around  the  composite  is  trimmed  off  so  that 
a  uniform  composite  remains. 

Air-dry  silver  electrodes  were  applied  and  the  samples  poled  in  a 
75°C  oil  bath  for  five  minutes  using  a  field  of  2.2  MVm  \  Permittivity 
was  measured  at  1  kHz  using  a  capacitance  bridge,  and  the  piezoelectric 
coefficient  determined  with  a  d^^meter  using  two  rounded  rams.  The  hydro¬ 
static  piezoelectric  coefficient  (d^)  was  measured  by  altering  pressure  in  an 
oil  chamber  at  a  rate  of  3.5  MPas  ^  and  collecting  the  charge  with  an 
electrometer  connected  in  a  feedback  integration  mode  which  maintain 
constant  electric  field  conditions. 

4 . 2  Piezoelectric  Coefficients 

To  provide  a  better  understanding  of  piezoelectric  composites,  the  following 
factors  have  been  varied:  volume  fraction  PZT,  rod  diameter,  and  sample 
thickness.  Specifying  the  rod  diameter  and  volume  fraction  PZT  automatically 
fixes  a  fourth  factor:  the  distance  between  rods.  Obviously ,■  i f  the  stress 
on  the  polymer  is  to  be  transferred  to  the  PZT  rods,  the  distance  from  a 
particular  point  in  the  polymer  to  the  nearest  rod  is  important.  For  a  given 
volume  fraction  of  PZT.  the  rods  are  much  closer  together  in  composites  with 
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gure  7.  Fabrication  of  3-1  composites  with  PZT  rods  and 
epoxy. 
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small  rod  diameters,  and  with  closely-spaced  rods,  the  composite  becomes 
more  piezoelectrical lv  homogeneous. 

Figure  8  shows  that  for  PZT  volume  percentages  down  to  40%  the  d ^ 
coefficients  are  comparable  to  the  value  of  d^^  for  solid  PZT,  about 
400  pCN'  ^ .  Below  40%  PZT,  the  d^  values  decrease,  but  even  at  10%  are 
still  greater  than  half  the  value  for  pure  PZT. 

The  data  shown  in  Figure  8  were  measured  on  composites  4  mm  thick, 
d  values  for  composites  of  3,  2  and  1  mm  thickness  were  also  measured, 
and  a  thickness  effect  was  observed.  For  all  composites  the  d^  coefficients 
decreased  with  increasing  thickness.  The  magnitude  of  the  thickness  effect 
was  a  function  of  rod  diameter,  volume  fraction  PZT  and  separation  between 
the  rods. 

4.3  _Pe nr.it tivitv  and  Voltage  Coefficient 

The  dielectric  constant  of  a  3-1  composite  can  be  estimated  from  a  model 
based  on  two  capacitors  connected  in  parallel.  The  value  of  varies 

linearly  with  volume  fraction,  and  since  the  dielectric  constant  of  PZT  is 
about  1600,  and  that  of  the  epoxy  is  about  7,  the  value  of  e  maF  be  aP- 
proximately  as  1600  v,  where  v  is  the  volume  fraction  of  PZT.  Experimental 
values  of  agree  well  with  the  theoretical  values,  as  shown  in  Figure  9. 

The  piezoelectric  voltage  coefficient  under  uniaxial  loading  is  defined 
as  g^  =  d^/t-  •  The  833  coefficient  of  solid  PZT  is  approximately 
29 X  10  ^  VmN  Figure  10  shows  the  dependence  of  g^  on  volume  fraction  of 

PZT  and  on  rod  diameter  for  composite  samples  4  mm  thick.  While  there  is 
little  dependence  on  rod  diameter,  the  magnitude  of  g  ^  is  greatly  affected 
by  volume  fraction.  A  composite  of  254pm  diameter  rods  with  a  volume  fraction 
of  0.025  PZT  has  a  piezoelectric  voltage  coefficient  nearly  nine  times  greater 


g33  nt 


Figure  10.  cL,  as  a  function  of  volume  %  PZT 
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chan  that  of  pure  PZT.  All  the  3-1  composites  have  larger  coefficients 
than  solid  PZT. 

4 . 4  Hydrostatic  Piezoelectric  Effects 

In  figures  11-13,  d^  is  plotted  as  a  function  of  composite  thickness,  rod 
diameter  and  volume  %  PZT.  As  observed  in  the  d^  measurements,  the  hydro¬ 
static  piezoelectric  coefficient  is  a  function  of  sample  thickness.  For 
most  of  the  composites,  the  d^  values  are  substantially  larger  than  that 
of  pure  PZT.  Solid  ceramic  pellets  identical  in  composition  with  the  PZT 
rods  have  an  average  d^  of  31  pCN 

As  predicted,  composites  with  lower  volume  fractions  of  PZT  have 

higher  values  of  d,  .  Theory  (2)  indicates  that  d„,  should  decrease 
h  31 

linearly  with  dhe  volume  fraction  of  PZT  while  d  remains  constant.  If 

this  were  true,  d,  should  increase  linearly  as  the  volume  fraction  of  PZT 
n 

decreases.  However,  the  measurements  indicate  that  d^  decreases  when  the 

volume  fraction  of  PZT  drops  below  40%  PZT.  If  both  d^  and  d^  decreased 

with  PZT  content,  then  d^  might  decrease,  or  increase,  or  remain  constant 

as  the  volume  %  PZT  decreased.  As  shown  in  Figure  12  all  of  these  occur. 

In  composites  made  with  840  micron  diameter  rods,  d^  decreases  with 

volume  fraction  PZT.  For  composites  containing  600  micron  rods,  d,  is 

h 

nearly  constant  from  50%  to  20%  PZT,  while  the  composites  made  with  400 

micron  rods  show  an  increase  in  d^  over  the  same  range.  Although  the  10% 

composites  have  the  lowest  d^  coefficients  for  all  the  rod  sizes,  these 

samples  show  the  largest  increases  in  d^  with  each  reduction  in  rod  diameter. 

From  the  data  it  appears  that  if  the  rod  diameter  could  be  further  reduced, 

the  10%  composites  would  have  the  largest  hydrostatic  piezoelectric  coefficient. 

The  fact  that  the  composites  with  the  lowest  volume  fraction  of  PZT  have  the 

highest  d,  is  consistent  with  theory,  but  the  magnitude  of  the  experimental 
e‘  h 
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Figure  13.  g  as  a  function  of  volume 
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d.  values  are  less  than  one  third  the  theoretical  values.  It  must  be  re- 
h 

membered  that  the  theory  called  for  a  second  phase  which  was  much  more 
compliant  than  the  piezoelectric  phase,  and  since  epoxy  is  a  stiff  polymer, 
better  agreement  with  the  theory  is  expected  when  an  elastomer  is  used  as 
the  second  phase. 

The  hydrostatic  voltage  coefficient  is  equal  to  d^  divided  by  £33’ 

the  composite  permittivity  measured  in  the  poling  direction.  Composites 

with  substantial  values  of  d,  and  small  volume  fractions  of  PZT,  have  ex- 

h 

tremely  large  hydrostatic  voltage  coefficients.  Figure  13  shows  a  plot  of 

g^  for  the  data  shown  in  Figures  9  and  12.  The  dotted  line  in  Figure  13  is 

the  value  of  g,  for  solid  PZT.  A  10%  PZT  composite  made  from  25A  micron  rods 
h 

has  a  voltage  coefficient  more  than  twenty-five  times  that  of  the  solid  PZT. 
Although  use  of  a  more  compliant  matrix  would  not  appreciably  effect  £33* 
the  resulting  enchancement  of  d^  would  cause  a  corresponding  increase  in  g^- 

A. 5  Specific  Gravity 

The  density  of  a  composite  transducer  is  important  because  of  weight  con¬ 
siderations  and  acoustic  impedance  matching  to  the  load.  Density  and 
acoustic  velocity  differences  between  the  transducer  and  the  surrounding 
medium  cause  reflection  losses  due  to  mismatch  in  acoustic  impedances. 
Reducing  the  density  of  the  transducer  to  a  value  near  that  of  water  may 
help  to  minimize  these  losses,  at  least  in  the  quasi-static  case. 

The  density  of  the  composite  can  be  adjusted  between  the  density  of 

-3  -3 

PZT  (7,900  kgm  )  and  that  of  the  epoxy  (about  1000  kgm  ).  If  is  im¬ 
portant  to  note  that  the  greatest  values  of  d,  ,  g,  ,  and  g_.  are  all  found 

h  h  33 

in  the  composites  with  low  volume  fractions  of  PZT.  Therefore  the  desired 
properties  of  low  density  and  large  piezoelectric  coefficients  are  obtained 
with  the  same  composites. 
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4 . 6  Other  Fabrication  Methods 

The  production  of  3-1  composites  is  not  limited  to  the  use  of  extruded 
rods.  Rods,  bars,  fibers,  or  other  small  PZT  elements  may  be  made  by 
other  techniques  such  as  dicing  a  sintered  PZT  ceramic,  dipping  cloth 
thread  in  a  PZT  slip  or  solution,  or  spraying  a  thread  with  PZT  slip  and 
then  burning  out  the  thread  and  sintering  the  PZT.  A  sintered  PZT  slug 
might  be  cut  in  a  criss-cross  manner  with  a  diamond  saw  to  produce  an  array 
of  PZT  columns  of  desired  dimension  and  spacing.  The  manner  in  which  the 
rods  are  produced  is  not  important.  Neither  is  the  technique  in  which  the 
rods  are  aligned.  We  have  aligned  rods  by  moving  the  discs  of  the  alignment 
rack  close  together  so  that  rods  aligned  in  the  rack  protrude  several 
millimeters  beyond  the  end  of  the  rack.  By  positioning  the  array  upright 
in  a  shallow  dish,  a  single  composite  may  be  made  by  pouring  epoxy  into  the 
dish  to  the  depth  of  the  desired  composite  thickness.  This  technique  is 
especially  useful  when  making  composites  with  an  elastomer  matrix. 

Composites  may  be  made  with  a  matrix  other  than  epoxy.  A  matrix  of 
a  polyester  resin  results  in  d^j  g-^,  d^,  anc*  ^h  coe^icients  comparable 
to  those  obtained  with  epoxy  composites.  Composites  have  been  made  with 
elastomers  such  as  silicone  rubber  and  polyurethane.  Transducers  made 
with  these  elastomers  are  mechanically  flexible.  Because  of  the  difficulty 
of  cutting  or  sawing  elastomer  composites  without  breaking  the  PZT  rods, 
such  composites  roust  be  cast  to  size  as  just  described. 

4 . 7  Continuous  Poling  of  PZT  Fibers 

With  normal  fabrication  procedures,  the  composite  thickness  is  limited 
by  the  size  of  the  electric  field  required  to  pole  the  piezoelectric 
component.  At  2.2  MVra  *  poling  field,  lOkV  power  supply  restricts  the 
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thickness  of  PZT-polymer  composites  to  about  5  mm.  The  continuous  poling 
technique  developed  by  Gururaja  (19)  eliminates  this  problem  by  using  pre¬ 
poled  PZT  rods  of  any  length.  The  pre-poled  rods  can  also  be  used  to 
fabricate  composites  in  which  rods  are  aligned  in  many  different  patterns, 
making  new  transducer  designs  feasible. 

The  continuous  poling  technique  utilizes  the  idea  of  gradually  advancing 
a  rod  between  two  electrical  contacts  maintained  at  the  required  potential 
difference.  Electrical  contact  to  the  PZT  rods  is  achieved  in  two  ways. 

In  the  first  method,  the  wetting  behavior  of  a  low-melting  solder  with 
copper  is  utilized  to  form  a  molten  film  of  solder  over  a  circular  hole 
(2-4  mm  in  diameter)  in  a  copper  plate  (2  mm  thick) .  The  entire  system  is 
immersed  in  an  oil  bath  maintained  at  150°C.  The  surface  tension  and  the 
upward  thrust  of  the  heated  oil  keep  the  molten  film  stable.  A  second 
copper  plate  is  positioned  2-4  mm  away  from  the  first  plate  to  provide  the 
second  electrical  contact. 

In  the  second  method,  conductive  carbon  foam  is  attached  to  both  the 
top  and  bottom  copper  plates  using  a  conductive  epoxy.  The  PZT  rods  are 
pulled  through  the  foam  attached  to  the  copper  plates,  in  an  oil  bath 
maintained  at  80°C.  The  separation  between  the  two  electrodes  and  the 
pulling  rate  are  the  same  as  in  the  molten-solder  method.  An  electric 
field  of  1.6-  1.8  MVm  ^  is  required  to  pole  the  rods  to  saturation  because 
the  poling  temperature  is  only  80°C. 

4 . 8  PZT  Spheres 

Initial  work  on  PZT-polymer  composites  undertaken  by  Harrison  and  co-workers  (17) 
utilized  coarse  granules  of  sintered  PZT  rather  than  PZT  rods.  A  schematic 
drawing  of  this  PZT-loaded  polymer  film  is  shown  in  Figure  5b.  Silicone 
rubber  was  used  as  the  matrix  material  because  of  its  flexibility  over  a 
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wide  temperature  range.  The  piezoelectric  properties  were  optimized  by 
adjusting  the  size  of  the  granules  and  the  volume  fraction  of  PZT.  Typical 
values  were  given  in  Table  2. 

PZT  granules  of  irregular  shape  assume  a  variety  of  orientations  with 
respect  to  the  parallel  surface  of  the  composite  and  thus  grinding  does 
not  expose  every  granule  to  the  electroded  surface.  For  poling  of  the  PZT 
elements  to  occur,  these  elements  must  be  in  electrical  contact  with  both 
electroded  surfaces.  Therefore,  composites  fabricated  from  irregular 
granules  are  likely  to  contain  unpoled  regions  which  are  piezoelectrically 
"dead".  The  inactive  PZT  fragments  not  only  detract  from  piezoelectric 
response  of  the  composite  but  also  increase  the  density  and  decrease 
the  flexibility  unnecessarily. 

Similar  composites  have  been  fabricated  by  Safari  and  Bowen  (20) 
using  PZT  spheres  instead  of  irregular  granules.  Spheres  offer  several 
potential  advantages  over  irregularly  shaped  particles.  Composites  are 
easily  fabricated  by  pouring  the  spheres  into  a  pan  to  form  a  mono- 
layer,  and  then  covering  them  with  the  polymer  phase.  A  light  sanding 
exposes  the  PZT,  allowing  contact  to  both  electrodes.  This  results  in 
excellent  poling  and  piezoelectric  activity. 

There  is  the  possibility  of  stress  modification  in  the  PZT  sphere 
composites  since  the  compressive  stress  is  born  primarily  by  the  small 
regions  at  the  top  and  bottom  exposed  to  the  electroded  surface,  resulting 
in  a  tensile  orthogonal  stress.  The  sign  of  is  thus  reversed  near 

the  perimeter  of  the  spheres,  where  the  ceramic  is  under  tension,  and 
d ^  may  be  enhanced  (section  3.4).  Piezoelectric  voltage  coefficients 
g  ^  and  g^  may  also  be  enhanced  because  of  the  low  permittivity. 


) 
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TABLE  2  Hydrostatic  Mode  Materials 


K33 

dh 

8h 

-3  -1 

pCN 

10  vmN 

Ceramics 

PZT  Type  I 

45.9 

4 

180 

PZT  Type  II 

30.0 

2 

60 

PbNb^O, 

/  0 

225 

67.6 

34 

2300 

• 

Flexible  Composites 

PZT  Particles  in  a  Silicone  Rubber 

100 

28.3 

32 

900 

Matrix 

PZT  Replamine  in  a  Silicone  Rubber 

50 

35.8 

80 

2800 

Matrix 

PZT  Cubes  in  a  Silicone  Rubber  Matrix 

715 

25.2 

4 

100 

PZT  Rods  in  an  Epoxy  Matrix  (3-1 

200 

77.6 

40.4 

3138 

Connectivity) 

Polymer 

PVF„ 

12 

11.5 

108 

!  1246 

5 .  Piezoelectric  Composites  with  3-3  Connectivity 


As  shown  in  the  previous  section,  a  composite  with  3-1  connectivity  makes 
an  effective  piezoelectric  transducer.  Since,  however,  in  firing  the 
ceramic  fibers  one  must  maintain  this  orientation,  some  interconnections 
between  the  rods  are  helpful;  i.e.  partial  3-3  character  is  required. 

In  a  3-3  template,  both  phases  are  continuously  connected  in  all  three 
dimensions.  This  type  of  structure  is  exhibited  by  certain  polymer  foams, 
some  diphasic  glasses,  three-dimensionally  woven  materials,  and  by  biological 
substances  such  as  wood  and  coral. 

5 . 1  Replamine  Process 

Coral  skeletons  are  characterized  by  a  structure  with  the  following  features: 
(i)  a  narrow  pore  size  distribution;  (ii)  a  pore  volume  approximately  equal 
to  the  solid  phase  volume,  and  (iii)  complete  pore  interconnectivity  making 
every  pore  accessible  from  all  other  pores.  The  dimensions  of  the  pores 
vary  from  species  to  species,  but  within  one  species  the  size  range  is  quite 
narrow.  Different  species  of  coral  have  various  degrees  of  anisotropy  in 
their  structure  ranging  from  a  3-1  connectivity  of  nearly  parallel  tubes  to 
highly  isotropic  3-3  structures.  Figure  A  shows  a  micrograph  cube  of  the 
calcium  carbonate  skeleton  of  the  coral  species  goniopora  which  we  have  used 
as  a  structural  template  for  making  composite  transducers.  The  replicating 
technique,  known  as  the  replamineform  process,  was  developed  at  the  Materials 
Research  Laboratory  at  Penn  State  for  producing  prosthetic  materials  (9).  We 
chose  the  replamineform  process  for  reproducing  the  3-3  connectivity  type 
because  of  past  experience  with  this  procedure,  although  other  preparation 
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techniques  m;iv  be  more  practical. 

The  first  step  of  the  replamine  process  (Figure  14)  is  to  shape  the 
coral,  which  is  easily  machinable,  to  the  desired  geometry.  The  coral 
template  is  then  vacuum-impregnated  with  a  casting  wax  and  the  wax 
allowed  to  harden,  after  which  the  calcium  carbonate  coral  skeleton  is 
leached  away  in  hydrochloric  acid  leaving  a  wax  negative  of  the  original 
coral  template.  The  negative  is  reinvested  with  a  PZT  slip  (average 
grain  size  'v  2  pm)  containing  PZT,  water,  and  poly(vinyl  alcohol). 

Investment  is  carried  out  by  vacuum  impregnation  with  vibratory  action 
to  render  the  thixotropic  PZT  slip  fluid.  The  wax  negative  is  burned 
off  leaving  a  coral-type  structure  of  PZT  which  is  then  sintered  for  one 
hour  at  1300°C.  A  13%  linear  shrinkage  is  observed  in  the  replicas,  but 
the  replicated  pore  structure  is  maintained.  The  PZT  replica  is  back¬ 
filled  with  a  suitable  polymer  such  as  a  high  purity  silicone  rubber,  and, 
after  the  surface  has  been  cleaned,  a  silver-loaded  silicone  rubber 
electrode  is  applied.  The  composite  is  then  poled  at  a  field  strength  of 
1.4  MVm  1  for  5  minutes  at  100°C.  Relative  permittivity  of  the  unbroken 
composite,  as  determined  with  a  capacitance  bridge, is  about  100.  The 
average  longitudinal  piezoelectric  coefficient  d^  obtained  for  the  unbroken 
composite  is  approximately  160  pCN-1.  As  poled,  the  replamine  replica  is 
still  a  rigid  structure  because  of  the  three-dimensional  connectivity  of 
the  ceramic  phase.  If,  however,  the  body  is  now  crushed  to  break  the 
ceramic  connectivity,  an  extremely  flexible  piezoelectric  composite 
results  (Figure  15).  Crushing  is  carried  out  by  reducing  the  sample  height 
to  about  80%  of  its  original  value  and  simultaneously  shearing  the  sample 
20%  of  the  sample  height  about  an  axis  perpendicular  to  the  crushing  force 
di rec  t ion . 
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Figure  14.  The  replamine  "lost-wax"  fabrication  process 
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By  breaking  the  poled  ceramic  the  easy  electric  flux  path  through  the 
poled  piezoelectric  is  interrupted,  thus  lowering  the  permittivity.  The 
pieces  of  poled  piezoelectric  are  still  held  in  position  by  the  polymer 
matrix  and  will  therefore  still  transmit  stress.  As  a  result,  the  833  coef¬ 
ficient  remains  high  while  the  permittivity  is  reduced  and  thus  the  longi¬ 
tudinal  piezoelectric  voltage  coefficient,  g3^(= ^33/ e33) >  great^Y  en- 

hanced  with  respect  to  the  g  value  of  a  homogeneous  ceramic  piezoelectric. 

After  disrupting  the  connectivity  of  the  PZT  phase  by  crushing  the 

sample,  the  relative  permittivity  is  reduced  to  about  AO,  while  ^33  is 

only  reduced  to  about  100  pCN  Hence,  the  values  of  these  flexible 

-3  -1 

composites  are  approximately  300  x  10  VmN  ,  which  is  fifteen  times  better 
than  a  homogeneous  PZT  transducer.  Table  2  contains  a  comparison  of  trans¬ 
ducer  characteristics,  from  which  it  is  obvious  that  the  replamine  composite 
of  PZT  and  silicone  rubber  compares  very  favorably  with  homogeneous  trans¬ 
ducer  materials  for  passive  device  applications.  The  compliance  of  the 
composite  is  large  compared  to  solid  PZT,  imparting  mechanical  shock  re¬ 
sistance. 

5 . 2  Alternative  Fabrication  Methods 

Several  alternative  methods  of  making  3-3  transducer  composites  have  been 
suggested  (1,2,3),  utilizing  simpler  fabrication  techniques  than  the  coral 
replamine  process. 

The  method  proposed  by  Shrout  (21),  involves  the  use  of  a  volatile 
phase  in  the  fabrication  procedure.  Commercially  available  PZT  powder  is 
mixed  with  polymethyl  methacrylate  (PMM)  spheres  (50  to  150  pm  diameter) 
in  a  30/70  volume  ratio.  The  mixture  is  die-pressed  using  poly(vinly 
alcohol)  as  a  binder  and  the  binder  and  PMM  spheres  volatilized  out  by 
very  slowly  heating  the  pressed  pellet  to  A00°C.  After  sintering  at 
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1300°C  for  0.5  hours  the  cold  highly  porous  pellets  are  vacuum  impregnated 
with  a  suitable  polymer:  after  a  flexible  silicone  rubber  elastomer  or  a 
stiff  epoxy  resin. 

SEM  micrographs  of  the  PZT-epoxy  composite  are  shown  in  Figure  16.  A 

similar  microstructure  is  observed  in  the  PZT/silicone  rubber  composites. 

It  is  clearly  seen  that  the  two  phases  are  randomly  interconnected.  The 

size  of  the  PZT  phase  regions  ranges  from  a  few  microns  to  100  microns, 

whereas  the  polymer  regions  range  from  20  to  120  pm  and  are  quite  spherical 

in  nature.  The  replamine  microstructure  is  somewhat  more  open  with  polymer 

regions  in  the  order  of  500  pm  in  diameter  interspersed  with  PZT  regions 

of  about  200  pm  diameter.  Piezoelectric  properties  are  similar  to  the 

replamine  materials.  When  filled  with  silicone  rubber,  d^  is  about 
-1  -  -3  -1 

200  pCN  and  g^  about  170  x  10  VmN  .  The  piezoelectric  coefficients 

-1  -  -3 

are  somewhat  lower  with  an  epoxy  filling:  d^  ^  90  pCN  ,  90  x  10  VmN 

The  principal  advantage  of  this  method  is  that  it  is  readily  adapted  to  mass 
production. 

Interconnected  PZT-polymer  composites  have  also  been  made  by  Nagata 

and  co-workers  (22).  Using  an  undisclosed  powder  preparation  technique, 

porous  Pb  (Zr„  C-Ti„  ,  -,)0_  ceramics  were  conventionally  sintered  to  a 
U  .  5  5  U .  4  /  j 

volume  fraction  of  48%.  Silicone  rubber  was  injected  to  fill  the  pore 

channels  giving  3-3  connectivity.  Volume  fractions  are  about  50%  for  the 

two  phases,  and  skeletal  diameters  about  20pm.  Poled  specimens  exhibit 

-3-1 

£>33  coefficients  of  130  x  10  VmN  ,  increasing  the  hydrophone  sensitivity 

to  nearly  four  times  that  of  solid  PZT  ceramics. 

Miyashita,  Takano  and  Toda  (1979)  have  synthesized  a  more  regular 

PZT-polymer  composite  resembling  a  ladder  structure  made  from  thin  strips 

of  PZT.  Specimens  with  porosity  levels  in  the  40  to  60%  range  have  good 

-3  -1* 

g^_j  coefficients  of  90  x  10  VmN 


Figure  16.  PZT-epoxy  composite  fabricated  by  mix¬ 
ing  organic  spheres  with  the  PZT  prior  to  sintering 
(Light  grey  phase  is  PZT). 
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6 .  Piezoelectric  Composites  with  2-2  Connectivity 

Piezoelectric  composites  with  multilayer  structures  (2-2  connectivity) 
have  been  fabricated  to  give  (i)  enhanced  electromechanical  coupling  under 
high  driving  fields,  (ii)  high  stability  electrical  filters  and  (iii)  im¬ 
proved  impedance  matching. 

6. 1  Tape-cast  Composites 

Tape-casting  provides  a  convenient  way  of  making  thin  ceramic  layers, 
approximately  250pm  thick  (24).  In  the  tape-casting  process,  a  ceramic 
powder  is  mixed  with  a  liquid  organic  binder  to  form  a  homogeneous  slurry, 
which  is  then  spread  in  a  thin  continuous  layer  onto  a  moving  glass  substrate. 
The  thickness  and  uniformity  of  the  sheet  are  controlled  by  a  series  of  knife 
edges  set  parallel  to  the  surface  of  the  glass  plate  and  a  fixed  distance 
above  it.  After  drying,  the  organic  binder  hardens  to  give  a  flexible  plastic 
tape  impregnated  with  ceramic  powder.  The  tape  can  be  cut  to  size  and 
sintered  in  the  normal  way.  Green  density  and  sintering  characteristics 
can  be  modified  by  a  post  casting  pressing  operation  so  that  materials 
which  normally  would  sinter  at  different  rates  can  be  fired  together  without 
problems  arising  from  uneven  shrinkage.  To  fabricate  multilayer  composites, 
the  component  layers  are  stacked  alternately  and  pressed  together  at  about 
50°C  to  obtain  a  firm  bond  before  firing  (25). 

Using  this  technique,  lamellar  heterogeneous  devices  comprised  of 
layers  of  a  commercial  soft  ferroelectric  (modified  PZT)  and  an  anti- 
ferroelectric  (modified  PZSnT)  have  been  produced  (26).  The  purpose  of 
the  antiferroelectric  layers  is  to  prevent  depoling  of  the  soft  ferro¬ 
electric  phase  under  high  electric  fields,  since  the  antiferroelectric 
has  a  large  coercive  field.  Series  model  calculations  show  that  a  high 
piezoelectric  coefficient  can  be  obtained  if  a  high  permittivity  anti- 
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ferroelectric  phase  is  employed.  By  selecting  a  temperature  (90°C)  at  which 
the  antif erroelectric  had  maximum  coercive  field,  it  was  shown  that  anti- 
ferroelectric-ferroelectric  composites  were  dielectrically  more  stable 
(harder)  under  high  field  cycling  than  a  typical  commercially  used  hard  PZT. 

In  another  2-2  connected  composite,  layers  of  lead  magnesium  niobate 
Pb^MgNb^Og  alternated  with  layers  of  0. SPb^MgNb^Og-O. 2PbTiO^  have  been  used 
to  form  a  temperature-stable  resonator  for  electrical  filter  applications  (27). 
These  two  materials  have  compensating  positive  and  negative  temperature 
coefficients  of  elastic  compliance.  As  a  result,  changes  of  less  than 
60  ppm/°C  in  the  radial  resonant  frequency  over  a  temperature  range  between 
-10°C  and  80°C  have  been  obtained. 

In  a  third  application,  multilayered  composites  of  poled  PZT  in¬ 
corporating  platinum  metal  internal  electrodes  have  been  developed  for 
applications  where  electrical  impedance  matching  is  important  (28).  The 
basic  electrode  configuration  used  in  the  piezoelectric  devices  is  similar 
to  that  employed  in  multilayer  capacitors.  In  such  a  device  the  poling  of 
alternate  layers  is  of  opposite  direction  but  the  responses  are  additive 
in  either  a  driven  or  driver  mode.  Thus,  the  voltage  required  to  produce 
a  given  displacement  is  found  to  be  greatly  reduced  compared  to  homogeneous 
devices  of  the  same  PZT  composition,  and  the  measured  direct  d^  is  in- 
creased  by  a  factor  approximately  equal  to  the  number  of  internal  electrodes 
employed.  Resonant  properties  are  unaffected  by  the  presence  of  the  internal 
electrodes  (28).  Consequently,  internal  electrodes  can  be  incorporated  into 
piezoelectric  transformers  in  order  to  increase  their  step-up  ratio.  Here 
the  transformer  ratio  is  multiplied  by  the  number  of  layers  introduced 
into  the  primary  end  of  a  conventional  bar-shaped  transformer  (29).  A 
second  advantage  is  that  the  ends  of  the  internal  electrodes,  which  act 
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as  the  low  side  of  the  secondary  circuit  allow  a  more  uniform  poling  and 
larger  electrode  area,  thereby  increasing  the  current  capacity  and  hence 
the  power  of  the  secondary.  If  DC  isolation  of  the  primary  and  secondary 
is  required,  a  thin  section  of  strip  electrodes  may  be  included  as  the 
low  side  of  the  secondary  circuit. 

6.2  High  Frequency  Applications 

Piezoelectric  composites  are  not  limited  to  low  frequency  applications. 

A  2-2  connected  temperature-compensated  resonator  material  composed  of  lead 
magnesium  niobate  and  lead  titanate  has  already  been  described  (Section  6.1). 
Another  high  frequency  application  involves  bandwidth  modification  in  elec¬ 
trical  filters. 

Electrical  circuits  operating  at  high  frequency  often  require  some 

form  of  frequency  control  to  limit  the  pass  band  of  frequencies.  This 

control  can  take  the  form  of  piezoelectric  crystal  or  ceramic  component  shaped 

so  that  the  frequency  range  of  interest  coincides  with  a  resonance  frequency 

of  the  piezoelectric  element.  At  resonance  the  piezoelectric  filter  has 

minimum  impedance,  several  orders  of  magnitude  lower  than  its  nonresonant 

impedance.  Consequently,  the  element  readily  passes  signals  at  frequencies 

close  to  its  resonant  frequency,  the  width  of  the  pass  band  usually  being 

defined  by  the  mechanical  Q  of  the  device  as  Q  =  —  for  Q  >  10.0.  Here 

At3dB 

f  is  the  center  frequency  and  Af_  is  the  (power)  3  decibel  pass  band.  For 
ceramic  piezoelectrics  the  mechanical  Q  is  typically  in  the  range  50  -  1000, 
giving  3dB  bandwidths  in  the  range  0.1  -  2%  of  the  center  frequency.  Using 
composite  devices,  it  is  possible  to  reduce  or  widen  the  bandwidth  of  a 
piezoelectric  material  by  combining  several  active  piezoelectric  elements 


mechanically  in  series  or  in  parallel  respectively. 
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A  reduction  in  bandwidth  can  be  obtained  by  carefully  grinding  several 
piezoelectric  discs  to  the  same  thickness  and  bonding  them  together  in  a 
series  configuration  using  an  electrically  conducting  epoxy  resin,  as  shown 
in  Figure  17(a).  For  the  fundamental,  thickness  mode  of  a  single  disc,  the 
resonant  frequency  is  governed  by  the  equation: 


where  p  is  the  density  and  s  the  elastic  compliance. 

The  disc  thickness  L  is  equal  to  half  the  acoustic  wavelength.  Therefore, 
since  the  sign  of  the  stress  changes  every  half  wavelength,  in  order  to 
resonate  in  phase  the  polarity  of  adjacent  discs  must  be  reversed.  Acoustic 
wave  transmission  occurs  only  at  frequencies  very  close  to  f  and  consequently 
the  bandwidth  is  reduced.  Using  one  P2T  disc  as  a  driver  or  "primary" 

Figure  17(a),  the  output  from  the  "secondary"  (Figures  18(a)  and  18(b)  is 
reduced  in  bandwidth  and  increased  in  amplitude  compared  to  a  single  disc  of 
the  same  material.  The  increase  in  amplitude  arises  because  the  device  also 
acts  as  a  piezoelectric  transformer  (29). 

A  similar  composite  device,  capable  of  operation  at  microwave  frequencies, 
has  been  developed  (30)  using  cadmium  sulfide  as  the  active  piezoelectric 
element.  The  CdS  layers  are  separated  by  inactive  half-wavelength-thick 
films  of  silicon  monoxide  so  that  polarity  reversal  is  unnecessary. 

One  problem  associated  with  series  multilayer  transducer  designs  is 
the  extremely  accurate  dimensional  tolerances  which  must  be  achieved  if 
constructive  interference  is  to  be  achieved  (31).  Moreover  in  many  ap¬ 
plications,  the  reduction  in  bandwidth  and  increase  in  amplitude  are  simply 
trade-offs,  and  do  not  result  in  an  overall  increase  in  conversion  effi¬ 
ciency  (32).  Since  narrow  bandwidth  materials  are  abundant  (Q  >  10^ 
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Figure  17(a).  Series  resonant  device  for  band 
with  reduction,  composed  of  half-wavelength 
thick  piezoelectric  layers  separated  by  elec¬ 
trically-conducting  epoxy. 

Figure  17(b).  Parallel  resonant  device  for 
broadband  applications.  Piezoelectric  layers 
(shaded)  are  decoupled  mechanically  by  an  in¬ 
active,  low  Q  polymer. 


0  Frequency, MHz  10  3  5  Frequency, MHz  F5 
a  b 

Figure  18(a).  Increase  in  amplitude  of  thick¬ 
ness  mode  resonance  for  series,  connected  res¬ 
onant  composites  (3  layers  thick). 

Figure  18(b).  Decrease  in  bandwidth  of  thick¬ 
ness  mode.  From  Top:  single  layer,  2  layer, 

3  layer  case) . 
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for  quartz),  it  seems  likely  that  series-connected  multilayer  filters  will 
find  only  limited  applications. 

Although  narrow  band  pass  filters  are  readily  available  for  most  fre¬ 
quency  ranges  of  interest,  broadband  filters,  in  which  bandwidths  up  to  50% 
of  the  center  frequency  are  required,  are  more  difficult  to  produce.  Apart 
from  electrical  filters,  broadband  devices  are  being  employed  in  acoustic 
imaging,  especially  for  noninvasive  medical  uses,  and  nondestructive  flaw 
detection  (33-36).  Ultrasonic  imaging  has  an  advantage  over  its  optical 
counterpart  of  improved  contrast,  since  it  relies  for  contrast  on  elastic 
discontinuities  which  are  generally  of  greater  magnitude  than  changes  in 
refractive  index,  particularly  in  biological  tissue.  In  acoustic  imaging 
the  piezoelectric  element  acts  as  both  source  and  detector  in  a  "pulse-echo" 
operational  mode  (37,38).  At  present  the  image  is  built  up  by  mechanically 
scanning  a  single  transducer  over  the  area  of  interest,  and  integrating  its 
output  to  form  a  coherent  picture  (39).  Typical  commercial  broadband 
transducers  for  biomedical  applications  are  shown  in  Figure  19. 

Previously,  bandwidth  has  been  increased  (39,40)  by:  (i)  electrically 
connecting  narrow  bandwidth  filters  with  slightly  different  resonance  fre¬ 
quencies  in  parallel,  (ii)  damping  the  resonance  of  a  low  Q  piezoelectric 
element  in  order  to  spread  the  resonance  peak  over  a  wider  frequency  range, 
or  (iii)  impedance  matching  piezoelectric  transducers  to  the  load  with  quarter- 
wave  acoustic  transformers.  Methods  (i)  and  (iii)  have  the  disadvantages  of 
extreme  complexity,  and  in  method  (ii)  much  of  the  input  energy  is  wasted  by 
damping. 

Based  on  the  equation  for  f  ,  it  is  possible  to  fabricate  a  broad 
bandwidth  electromechanical  transducer  from  a  single  piezoelectric  element 
by  forming  the  element  into  a  wedge  shape  of  varying  thickness  and  driving 


Figure  19.  Ultrasonic  transducers  for  medical  diag¬ 
nostic  applications  in  echocardiography  and  two- 
dimensional  imaging. 

(Photographs  courtesy  of  KB-Aerotech,  lewistown.  Pa.) 
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it  at  frequencies  corresponding  to  resonance  of  the  thickness  dimensions. 

In  this  case  the  thickness  mode  resonance  encompasses  a  range  of  fre¬ 
quencies  governed  by  its  maximum  and  minimum  dimensions.  However,  since  the 
element  is  strongly  mechanically  coupled  at  all  points,  destructive  mechanical 
interference  occurs  between  regions  of  different  thickness  resonating  at  dif¬ 
ferent  frequencies,  and  low  efficiency  results. 

Connecting  piezoelectric  ceramic  elements  in  parallel  with  a  mechanically 
lossy  polymer  can  overcome  the  shortcomings  of  the  wedge  configuration,  and 
produce  an  efficient  broadband  device.  In  this  application  many  piezoelectric 
elements  with  different  dimensions  are  used  to  provide  a  wide  pass  band, 
but  the  elements  are  combined  into  a  single  array  using  an  inactive,  low 
Q  polymer  which  decouples  the  elements  mechanically  and  prevents  inter¬ 
ference.  The  device  consists  of  sheets  of  piezoelectric  material,  e.g. 

PZT,  laminated  with  sheets  of  polymer  so  that  the  active  elements  are 
separated  by  sufficient  polymer  that  most  of  the  mechanical  coupling  be¬ 
tween  the  elements  is  removed  (see  Figure  17(b)).  The  slope  of  the  device, 
tan  0,  defines  its  bandwidth  according  to  the  relationship: 

xtan  0.f  f 
Af  ‘  - N - 

where  Af  is  the  bandwidth  in  Hz,  x  is  the  width  of  the  device,  and  f^  and 
f^  are  the  resonance  frequencies  of  elements  of  length  and  respec¬ 

tively,  and  N  is  the  longitudinal  mode  frequency  constant  of  the  piezo¬ 
electric  material  used.  The  bandwidth  can  be  increased  by  increasing  0 
as  far  as  the  natural  mechanical  Q  of  the  PZT  will  allow. 

The  above  concept  has  been  verified  experimentally  by  substituting  for 
the  2-2  connected  lamellar  composite  a  composite  of  soft  PZT  ceramic  fibers 
embedded  in  epoxy,  similar  to  those  described  in  Section  4.1.  This  material 
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has  the  advantage  of  accepting  any  surface  profile,  thus  providing  a  greater 
versatility  in  applications.  In  principle,  the  pass  band  of  this  composite 
can  be  tailored  to  provide  a  frequency  spectrum  of  any  shape. 

Figures  20(a)  and  20(b)  compare  the  frequency  spectra  from  0  to  1  MHz 
for  30  volume  %  PZT  fiber  composites  with  their  opposite  faces  inclined  at 
2°  and  10°  respectively.  The  6dB  bandwidth  has  been  increased  from  7%  for 
a  composite  with  faces  ground  parallel,  to  11%  for  the  2°  composite,  and 
to  45%  for  the  device  with  laces  inclined  at  10°. 
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Figure  20(a).  Bandwidth  broadening  in 
parallel  connected  resonant  composites, 
(a)  Q=  2° 

Figure  20(b).  Q=  10° 

Vertical  scale  =  amplitud 
Horizontal  scale  =  frequency 
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SUMMARY  AND  CONCLUSIONS 

Composite  piezoelectric  elements  form  an  interesting  family  of  materials 
which  highlight  the  major  advantages  composite  structures  afford  in  improving 
coupled  properties  in  solids  for  transduction  applications.  By  careful  con¬ 
sideration  of  the  crystal  symmetry,  macrosymmetry,  and  possible  modes  of 
phase  interconnection  (connectivity)  which  can  be  realized  by  modern  pro¬ 
cessing  technologies,  it  is  possible  to  design  new  composite  transducers 
with  property  combinations  tailored  for  specific  device  requirements. 

For  electromechanical  applications  at  low  frequencies  where  the  acoustic 
signal  has  a  wavelength  A  much  larger  than  the  scale  of  the  macrostructure,  it 
is  shown  that  ceramic : plastic  composites  can  be  designed  which  have  mean 
piezoelectric  voltage  coefficients  g^  and  which  are  orders  of  magnitude 
larger  than  those  of  the  active  ceramic  phase.  Such  materials  have  obvious 
application  in  hydrophones  and  other  listening  devices. 

Composites  in  other  geometries  can  be  designed  so  as  to  modify  the  poling 
and  depoling  characteristics  of  the  active  ceramic  PZT  phase,  and  thus  to 
effectively  stiffen  the  electrical  characteristics  against  depoling  under 
high  stresses. 

By  prepoling  ceramic  PZT  fibers  before  the  composite  is  assembled,  it  is 
possible  to  construct  new  types  of  polar  solid  with  interpenetrating  polar  axes 
and  property  combinations  which  would  be  impossible  in  the  simple  single  phase  solid . 

For  high  frequency  applications  where  A  is  comparable  to  the  scale 
of  the  composite  macrostructure,  the  full  potential  of  composite  structures 
begins  to  become  apparent.  In  such  systems  impedance,  bandwidth,  and 
radiation  pattern  can  be  controlled  in  a  sophisticated  manner  which  is 
impossible  in  single  phase  systems.  For  transducer  arrays  which  could  be 
used  in  focusing  and  scanning  modes,  the  potential  for  composite  structures 


is  clear. 


We  believe  that  the  composite  materials  offer  a  new  versatility  in 
property  combinations,  and  it  will  be  most  interesting  to  observe  how 
this  is  taken  up  and  exploited  in  subsequent  generations  of  piezoelectric 


devices. 


39 


8.  References 


1.  R.  E.  Newnham,  D.  P.  Skinner,  and  L.  E.  Cross,  Mat.  Res.  Bull.  I_3_ 

525  (1978). 

2.  D.  P.  Skinner,  R.  E.  Newnham,  and  L.  E.  Cross,  Mat.  Res.  Bull.  1_3 
599  (1978). 

3.  R.  E.  Newnham,  D.  P.  Skinner,  K.  A.  Flicker,  A.  S.  Bhalla,  B.  Hardiman 
and  T.  R.  Gururaja,  Ferroelectrics ,  vol .  3,  p.  49  (1980). 

4.  J.  van  Suchtelen,  Philips  Res.  Rpts.  2_7,  28  (1972). 

5.  J.  L.  Broutroan  and  R.  H.  Krock,  Modern  Composite  Materials,  Addison- 
Wesley  Publ.  Co.,  Reading,  Mass.  (1967). 

6.  J.  van  den  Boomgaard,  D.  R.  Terrell,  R.  A.  J.  Born  and  H.  F.  J.  1. 
Ciller,  J.  Mat.  Sci.  9,  1705  (1974). 

7.  A.  M.  J.  G.  van  Run,  D.  R.  Terrell  and  J.  H.  Scholing,  J.  Mat.  Sci.  j), 
1710  (1974). 

8.  J.  F.  Nye,  Physical  Properties  of  Crystals,  Oxford  University  Press, 
London  (1957) . 

9.  R.  A.  White,  J.  N.  Weber  and  E.  W.  White,  Science  176 ,  922  (1972). 

10.  D.  A.  Payne,  "The  Role  of  Internal  Boundaries  Upon  the  Dielectric 
Properties  of  Polycrystalline  Ferroelectric  Materials."  Ph.D. 
Dissertation  in  Solid  State  Science,  Hie  Pennsylvania  State  University, 
March  1973. 

11.  T.  Furukawa,  K.  Fugino  and  E.  Fuknda,  Japan.  J.  Appl.  Phys.  15 , 

2119  (1976). 

12.  Landolt-Bornstein  Tables  on  Elastic,  Piezoelectric,  Piezooptic  and 
Electrooptic  Constants  of  Crystals.  Vols.  II,  1  (1966)  and  II,  2 
(1969).  Springer  Vcrlag,  Berlin. 

13.  H.  Knwai,  Japan.  J.  Appl.  Phvs.  8,  975  (1969). 

14.  H.  Burkard  and  G.  Pfister,  J.  Appl.  Phys.  45,  3360  (1974). 

15.  S.  Edelman,  Proceedings  of  the  Workshop  on  Sonar  Transducer  Materials, 
Naval  Research  Laboratory  (Feb.  1976). 

16.  Y.  Wada  and  R.  Havakawa,  Japan.  J.  Appl.  Phys.  1_5,  2041  (1976). 

17.  W.  B.'  Harrison,  Proceedings  of  the  Workshop  on  Sonar  Transducer 
Materials,  Naval  Research  Laboratory  (Feb.  1976). 


40 


18.  K.  A.  Klicker ,  J.  V.  Biggers,  and  R.  E.  Newnham,  J.  Amer.  Ceram.  Soc. 
(accepted) . 

19.  T.  R.  Gururaja,  R.  E.  Newnham  and  L.  E.  Cross.  Amer.  Ceram.  Soc. 

Bulletin,  (accepted). 

20.  A.  Safari  and  L.  Bowen,  Private  Comm. 

21.  T.  R.  Shrout,  W.  A.  Schulze,  and  J.  V.  Biggers,  J.  Amer.  Ceram.  Soc. 

(in  press). 

22.  K.  Nagata,  H.  Igarashi,  K.  Okazaki,  and  R.  C.  Bradt,  Japan.  J.  Appl . 

Phys.  19,  L37-40  (1980). 

23.  M.  Miyashita,  K.  Takano,  and  T.  Toda  Proc.  Int.  I.E.E.E.  Symp.  on  Appl. 

of  Ferroelectrics ,  Minneapolis,  June  13-15  (1979)  (to  be  published  in 

Ferroelectrics) . 

24.  J.  C.  Williams,  "Doctor-Blade  Process,"  Treatise  on  Materials  Science 
and  Technology,  vol.  9  (Ceramic  Fabrication  Processes),  F.  Y.  Wang, 
editor;  p.  173,  Academic  Press,  1976. 

25.  J.  V.  Biggers,  T.  R.  Shrout  and  W.  A.  Schulze,  Bull.  Amer.  Ceram.  Soc. 

58,  516  (1979). 

26.  T.  R.  Shrout,  W.  A.  Schulze  and  J.  V.  Biggers,  Ferroelectrics  (to  be 
published) . 

27.  T.  R.  Shrout,  W.  A.  Schulze  and  J.  V.  Biggers,  Ferroelectrics  (to  be 
published) . 

28.  L.  J.  Bowen,  T.  R.  Shrout,  W.  A.  Schulze  and  J.  V.  Biggers,  Ferroelectrics 
(to  be  published) . 

29.  H.  W.  Katz,  "Solid  State  Magnetic  and  Dielectric  Devices",  Wiley,  1959, 
Chapter  5. 

30.  J.  de  Klerk,  P.  A.  Klemens  and  E.  F.  Kelly,  Appl.  Phys.  Lett.,  265 
(1965). 

31.  R.  Holland  and  E.  P.  EerNisse,  "Design  of  Resonant  Piezoelectric  Devices", 
Research  Monograph  No  50,  MIT  Press,  1969,  p.89. 

32.  E.  K.  Sittig,  IEEE  Transactions  on  Sonics  and  Ultrasonics,  Su- 1 4 ,  (4), 

167  (1967). 

33.  A.  Wade,  IEEE  Transactions  on  Sonics  and  Ultrasonics,  Su-22 ,  385  (1975). 

34.  K.  R.  Erikson,  F.  J.  Pry  and  J.  P.  Jones,  IEEE  Transactions  on  Sonics 
and  Ultrasonics,  SU-21 ,  144  (1974). 

35.  A.  Nemet,  Phil.  Trans.  R.  Soc.  Lond.  A. 292 ,  137  (1979). 

36.  R.  S.  Sharpe,  Phil.  Trans.  K.  Soc.  Lond.  A292,  163  (1979). 

37.  B.  T.  Khuri,  —  Yakub  and  G.  S.  Kino,  Appl.  Phys.  Lett.,  _30>  (1977). 


I 


4] 


38.  K.  R.  Erikson,  IEEE  Transactions  on  Sonics  and  Ultrasonics,  Vol  SU-26,  7 
(1979). 

39.  A.  de  Sterke,  "Advances  in  the  Technology  of  Mechanized  Ultrasonic 
Testing",  Phil.  Trans.  R.  Soc.  Lond.  A292,  207-221,  1979. 

40.  W.  P.  Mason,  "Physical  Acoustics",  Vol  1A,  384,  Academic  Press,  1964. 

41.  J.  H.  Goll,  "The  Design  of  Broad-Band  Fluid-Loaded  Ultrasonic  Transducers' 
IEEE  Transactions  on  Sonics  and  Ultrasonics,  SU-26 ,  (6),  385-393,  1979. 


r 


:’.£Si2K»3aa«fc, 


42 


List  of  Figures 


1.  Curve  of  History 

2.  Flow  chart 

3.  Connectivity  Patterns 

4.  Four  examples  of  conn.  Patt. 

5.  PZT/polymer  composites 

6.  Series  and  Parallel  models 

7.  Flicker  3-1  composites  (photo) 

8.  d^  curves 

9.  curves 

10.  g33  curves 

11.  Thickness  curves  for  d, 

h 

12.  Rod  diam  curves  for  d, 

h 

13.  g,.  vs  PZT  vol  X 

n 

14.  Replamine  processing  steps 

15.  Fingers  bending  replamine 

16.  Shrout  BURPjS  micrograph 

17.  High  freq.  device  config. 


18.  High  freq.  spectra 


APPENDIX  39 


T.R.  Gururaja,  R.E.  Newnham,  K.A.  Klicker,  S.Y.  Lynn,  W.A.  Schulze, 
T.R.  Shrout,  L.J.  Bowen.  Composite  Piezoelectric  Transducers.  IEEE 
Ultrasonics  Symposium,  Nov.  5-7,  1980,  Boston,  MA.  (accepted). 


1 


COMPOSITE  piezoelectric  transducers 

T.R.  Gururaj a,  R.E.  Newnham,  K.A.  Klicker,  S.Y.  Lynn,  W.A.  Schulze,  T.R.  Shrout  and  L.J.  Bowen 


Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Abstract 

Consideration  of  macrosymmctry  and  interphase 
connectivity  has  been  used  to  explore  possible 
macrostructures  of  interest  as  piezoelectric  compo¬ 
sites.  Based  on  these  design  considerations,  cera¬ 
mic  polymer  composites  have  been  fabricated  with  3-3, 
3-1,  and  1-3  phase  connectivity.  In  general  these 
composites  yield  a  louer  permittivity,  higher  hydro¬ 
static  charge  coefficient  (dy,)  and  voltage  coeffi¬ 
cient  (gh),  and  some  cases  increased  thickness 
coupling  coefficient  E  k  ^  >  .  These  composites  can  be 
used  to  construct  hydrophones,  broad  band  filters, 
and  deformable  mirror  base.  The  composites  can  be 
made  flexible  and  conformal  using  an  elastomer  as 
the  second  phase. 

1.  Introduction 

Progress  in  materials  science— like  progress 
in  most  f  ields— fol  lows  the  curve  of  history  (Fig.1). 
When  a  new  effect  such  as  f erroelectri ci ty  is  dis¬ 
covered,  scientific  development  is  rather  slow  at 
first,  until  its  importance  is  recognized.  Then 
follows  a  period  of  rapid  growth  when  practical 
applications  and  many  new  materials  are  discovered. 
Rapid  changes  take  place  in  selecting  the  "best" 
material  for  each  application.  Eventually  the  field 
matures  as  the  choices  are  made,  and  the  curve  of 
history  saturates. 

We  see  this  saturation  effect  in  many  fields  of 
materials  science.  Lead  zirconate  titanate  (PZT) 
has  been  the  best  transducer  material  for  25  years. 
8aTi03  has  been  t fie  best  high  dielectric  capacitor 
material  for  30  years.  Similar  trends  can  be  noted 
in  magnetic  materials,  semiconductors,  and  supercon¬ 
ductors.  Despite  intensive  srarch  for  new  compounds, 
relatively  little  progress  has  been  made  in  the  past 
ten  or  twenty  years. 


Recent  years  have  witnessed  the  growth  of  mate¬ 
rials  engineering  with  the  optimization  of  specific 
properties  by  carefully  patterned  inhomogeneous 
solids  such  as  semiconductor  integrated  circuits, 
fiber  reinforced  metals,  and  barrier  layer  'erro- 
elcctric  capacitors.  In  heterogeneous  systems,  there 
are  general ty  several  phases  involved  and  a  number 
of  material  parameters  to  be  optimized. 

The  present  case  of  designing  an  electromecha¬ 
nical  transducer  for  towed  array  hydrophone  z.-.itica- 
tion  requires  a  combination  of  properties  such  as 
large  hydrostatic  piezoelectric  coefficient  (d„)  and 
voltage  coefficient  (g^),  low  density,  and  high 
mechanical  flexibility.  The  figure  of  merit  for  a 
hydrophone  material  is  given  by  t fie  product  dhgt|. 

PZT  solid  solutions  which  are  currently  used  in 
many  transducer  applications  have  low  c'„  and  gj,  coef¬ 
ficients.  The  low  coefficients  are  a  result  of  coup¬ 
ling  of  the  djj  and  djg  coefficients.  Specifically 
dj,  =■  djj  +  Zdjg.  In  PZT  dj3  *  -  resulting  in  a 

very  low  d^,  (\30  pC/N).  The  hydrostatic  voltage 

dp  -3 

coefficient  gh  =  -  is  also  low  CV3  x  10  Vm/N) 

c33 

because  of  the  low  d^  and  high  permittivity  (i.,,)  of 
PZT. 

For  the  past  few  years  we  have  been  investiga¬ 
ting  piezoelectric  composites  made  from  polymers  and 
ferroelectric  ceramics,  attempting  to  decouple  d33 
and  and  lower  the  permittivity  to  give  improved 

values  of  dy,  and  gy,  (1,2,3,41.  The  polymer  phase 
also  lowers  t fie  density,  and  by  using  an  elastomer 
the  composite  can  be  made  flexible. 

The  properties  of  the  composites  are  influenced 
by  the  connectivity  of  the  components  of  the  compo¬ 
sites.  Connectivity  is  defined  as  the  number  of 
dimensions  in  which  each  phase  is  continuous.  There 
arc  ten  connectivity  patterns  in  diphasic  solids, 
ranging  from  a  0-0  unconnected  checkerboard  pattern 
in  which  both  phases  are  three  dimensionally  con¬ 
nected  (1).  A  composite  with  3-1  connectivity  has  a 
onc-dinens i ona l ly  connected  phase  embedded  in  a 
three  dimensional  matrix  phase.  This  paper  summarizes 
our  work  on  composites  with  Several  interesting  con¬ 
nectivity  patterns.  A  number  of  other  research 
groups  arc  also  investigating  the  properties  of 
ferroelectric  composites  with  3-0,  3-1,  and  3-3  con¬ 
nectivity  patterns  (5,6,7). 


Figure  1 
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2.  Piezoelectric  Composites  with  3-1 
Connect i vi ly 

These  composites  consist  of  thin  P2T  rods 
(phase  1)  eirheddod  in  a  polymer  matrix  (phase  2) 
with  the  rods  oriented  perpendicular  to  the  trans¬ 
ducer  electrode  (Fig.  2). 


piezoelectric  rods  polymer  matrix 


Figure  2  -  Composite  with  3-1  connectivity 

Theoretical  expressions  for  the  piezoelectric 
response  of  composites  with  3~1  connectivity  (2) 
are  as  follows. 


11  2  2  1 

V  d33  S33  V  d33  ^33 

(l) 

33  Vs  +  Vs 

v  b33  v  b33 

d31  =  Vd31  +  Vd31 

(2) 

‘33  =  V‘33  +  Vc33 

(3) 

1111  1 
where  V ,  CJ33,  d3*|,  $33,  and  f.33  are  respective¬ 

ly  the  volume  fraction,  piezoelectric  coefficients, 
elastic  compliance  and  permittivity  of  phase  1.  The 
average  coefficienrs  for  the  composites  are  633, 
d3<j,  and  *33.  For  the  P2T  polymer  composite,  if  we 
assume  that 

1  .  2,  1c  .  .  2_  ,  1  2r 

d33  >?  d33'  S33  <<  S33'  and  e33  >s“  £33  ' 

then  djj-j  does  not  depend  on  the  volume  fraction  of 
PZT  in  the  composite.  This  is  based  on  the  ideal 
situation  in  which  the  polymer  is  much  more  compli¬ 
ant  than  the  PZT  phase  and  that  all  the  stress  on 
the  polymer  is  transferred  to  the  PZT.  According  to 
equations  (2)  and  (3),  (I31  and  r-j-j  decrease  linearly 
with  volume  fraction  PZT.  As  a  result,  dp  and  gp 
will  be  enhanced.  Theoretical  calculations  indicate 
that  ideally  the  figure  of  merit  (dpgp)  for  compo¬ 
sites  with  5  volumeX  PZT  is  about  300,000  x  10-I5 
m^/N,  more  than  a  thousand  times  larger  than  solid 
PZT. 

PZT  rods  arc  made  by  extrusion  of  PZT  501A  slip 
followed  by  drying,  firing,  and  hot  isostatic  press¬ 
ing.  After  aligning  the  sintered  rods  in  a  metal 
rack,  they  are  placed  in  a  cup  and  covered  with 
spurr  epoxy  (Earnest  E.  fullum  Inc.,  Schenectady, NY) 
and  then  poled  along  the  length  of  the  rods  (4).  To 
provide  a  better  understanding  of  the  composites, 

PZT  rods  of  diameters  840,  600,  400,  and  254  pm  were 
used  to  fabricate  piezoelectric  composites  with  10 
to  50  volume  percent  PZT  for  each  rod  size.  Piezo- 


electrir  measurements  are  done  on  samples  of  differ¬ 
ent  thicknesses  ranging  from  1  to  4  mm.  For  a  given 
volume  fraction  PZT,  a  composite  with  very  thin  rods 
and  close  rod  spacing  behaves  like  a  homogeneous 
piezoelectric  medium. 

Electric  permi t t i vj t i cs  of  the  composites  were 
measured  at  1  Kllz  and  dje,  was  measured  using  a  Dei — 
tincourt  d^  meter  at  100  Hz.  The  hydrostatic 
piezoe l ec t r i c  coefficient  wjs  measured  by  changing 
the  pressure  in  an  oil  chamber  at  the  rain  of  50 
psi/sec  and  collecting  the  charge  with  an  electro¬ 
meter. 

The  CJ33  value  of  the  composites  down  to  40  vol¬ 
ume  %  PZT  were  comparable  to  the  valoe  of  d^v  for 
solid  PZT  501A  of  400  pC/N.  Below  40X,  the  values 
decreased,  but  even  at  10  colume  ’/.  PZT  dj3  exceeds 
220  pC/N,  indicating  that  much  of  the  stress  on  the 
polymer  phase  is  being  transferred  to  the  PZT.  The 
d-33  coefficients  of  the  composites  increased  with 
increasing  thickness  because  of  improved  stress 
transfer. 

The  permittivity  (1.33)  showed  a  linear  decrease 
with  volume  fraction  of  PZT,  as  predicted  by  eq  (3) 
piezoelectric  voltage  coefficient  933  =  CI33/ .  ^  1  of 
the  composites  increase  rapidly  at  low  volu' e  frac¬ 
tion  of  PZT  because  of  the  decrease  in  permittivity. 
A  composite  made  from  254  pm  rods  with  a  volume 
fraction  of  0.025  PZT  has  a  g-33  coefficient  of 
250  x  1(V  Vm/N,  about  nine  tines  greater  than  that 
of  solid  PZT. 

Most  of  tire  composites,  regardless  of  thickness, 
rod  diameter,  or  volume  percent  PZT,  had  higher  dp 
values  than  that  of  solid  PZT.  Only  composites  made 
from  840  pm  rods  showed  a  decrease  of  dp  as  volume 
PZT  decreases.  Composites  with  thinner  rods  showed 
either  nearly  constant  values  or  increased  dp  at 
lower  volume  fractions.  At  10  volume  percent  the  dp 
values  were  the  lowest  for  all  rod  sizes,  but  these 
composites  showed  the  largest  increases  in  dh  with 
each  reduction  in  rod  diameter  indicating  that  if 
the  rod  diameter  could  be  further  reduced,  the  10 
volume  %  composites  would  have  the  largest  dn,  as 
predicted  by  theory.  Some  composites  show  dp 
values  exceeding  80  pC/N,  three  times  that  of  solid 
PZT. 

Decreases  in  L33  with  volume  fraction  of  PZT 
resulted  in  large  increases  of  the  hydrostatic  vol¬ 
tage  coefficient  gp.  Figure  3  shows  figure  of  merit 
dpgp  plotted  as  a  function  of  volume  %  PZT.  The 
dpgp  products  obtained  with  composites  made  from 
thin  PZT  fibers  at  low  volume  fractions  were  more 
than  an  order  of  magnitude  higher  than  the  dpgp 
product  for  solid  PZT. 

The  magnitude  of  the  dpgp  product  is  large, 
but  is  far  less  than  the  theoretical  value.  This 
is  partly  because  the  theory  requires  that  the 
non-piezoelectric  phase  be  much  more  compliant 
than  the  piezoelectric  phase.  Since  the  epoxy  is 
a  stiff  polymer,  better  agreement  with  the  theory 
may  be  expected  when  an  elastomer  is  used  as  the 
matrix  phase.  After  careful  considerot ion,  a 
highly  flexible  polyurethane  (Flexanc  94  from 
Devcon  Corp.,  Danvers,  MA)  was  chosen  to  provide 
the  required  stress  amplification  on  the  PZT  rods. 


« 


Figure  3.  as  a  function  of  volume 

percent  P7T  and  rod  diameter 


Elastomers,  like  polyurethane,  have  a  high 
Poisson  ratio  which  makes  them  virtually  incom¬ 
pressible  under  hydrostatic  loading.  However, 
the  poisson  ratio  of  a  polymer  can  be  greatly 
reduced  by  introducing  porosity  into  the  polymer. 
The  fabrication  of  3-1  composites  with  porous 
polyurethane  was  developed  by  Klicker  (8). 

In  this  composite  the  pores  constitute  a 
third  phase  which  is  unconnected,  and  the  compo¬ 
site  can  therefore  be  designated  as  having  3-1-0 
connectivity.  A  conductive  polyurethane  cured 
directly  to  the  porous  polyurethane  was  used  as 
electrodes  fo;  these  composites. 

Introduction  of  porosity  into_the  matrix 
phase  had  j  dramatic  effect  on  d^.  fleasurements 
were  carried  out  at  a  static  hydrostatic  pressure 
of  100  psi.  Composites  with  greater  than  30% 
porosity  have  Jh  values  more  than  ten  times  grea¬ 
ter  than  those  of  similar  composites  with  non- 
porous  matrices,  gj,  coefficients  of  the  porous 
composites  were  as  high  as  400-500  x  10“w  Vn/N. 
Composites  made  with  4  volume  %  PIT  rods  240  pm 
in  dianetrr  in  a  foamed  polyurethane  with  45% 
porosity  had  a  d^gj,  product  close  to  100,000  x 
10-15  m^/N.  This  value  is  more  than  an  order  of 
magnitude  greater  than  tire  product  of  com¬ 

posites  with  a  non-porous  epoxy  matrix. 

The  d|,  values  of  compos i  ter,  made  w  i  t h  a  mat  ri x 
of  foamed  polyurethane  are  very  pressure  depen¬ 
dent  over  200  psi.  This  may  be  due  to  buckling  of 
the  walls  between  the  pores,  causing  rapid  com¬ 
pression  of  the  matrix  phase. 

Composites  formed  with  epoxy  matrices  have 
lower  df,  values,  but  arc  nearly  pressure  indepen¬ 
dent.  Porosity  may  also  be  introduced  into  epoxy 
to  increase  the  mechanical  compliance  and  lower 
Poisson’s  ratio,  thereby  enhancing  d^.  This  work 
has  been  done  by  Lynn  19)  using  a  three  component 
foamed  epoxy  system  from  REH  plastics.  Composites 
with  4  volume  %  of  280  ym  diameter  rods  showed  a 
three-fold  increase  in  d^  when  foamed.  During 


hydrostatic  testing,  the  composites  sometimes 
absorbed  oil  from  the  hydiostatic  cell  info  the 
pore  structure  of  the  epoxy,  lo  prevent  this, 
the  porosity  was  introduced  in  the  form  of  hollow 
glass  spheres.  The  hollow  spheres  (tret  son  and 
Cumins,  Inc  (Canton,  MA)  have  an  average  diameter 
of  SO  pm  and  wall  thickness  of  2  pm.  Composites 
in  which  the  epoxy  matrix  is  filled  with  approxi¬ 
mately  50  volume  percent  spheres  have  dp  values 
intermediate  between  composites  made  with  porous 
epoxy  and  those  with  non-porous  epoxy  matrices. 

Gururaja  (10)  has  developed  a  continuous 
poling  technique  to  pole  long  PZT  rods.  Prcpoled 
rods  can  be  used  to  fabricate  composites  in  which 
rods  are  aligned  in  many  different  patterns  making 
new  transducer  design  feasible. 

An  alternate  processing  for  making  3-1  com¬ 
posites  involves  slicing  a  fired  PIT  slug  with  a 
diamond  saw  to  produce  an  array  of  rectangular 
pillars  (11).  The  inter-pillar  spaces  were  filled 
with  Spurr  epoxy.  These  composites  had  dn  and 
C33  values  comparable  to  those  made  with  extruded 
rods.  dt|  and  of  composites  with  higher  per¬ 
cent  PZT  (>50%)  approached  the  values  of  solid 
PZT,  consistent  with  the  theory  (1). 

3.  Composites  with  3-3  Connectivity 

As  shown  in  the  previous  section  a  composite 
with  3-1  connectivity  makes  an  excellent  piezo¬ 
electric  transducer  for  hydrophone  applications. 
But  3-3  connectivity  offers  certain  advantages 
in  s ample  preparation;  interconnections  between 
the  PZT  rods  maintain  the  rod  orientrtinn  during 
the-  ceramic  processing  steps.  In  a  3-3  composite, 
both  phases  are  sel f -connected  in  all  ihree  direc¬ 
tions.  Microstructures  of  this  type  occur  in 
foams,  phase  separated  glasses,  wood,  and  coral. 

Ceramic-polymer  composites  with  3-3  connec¬ 
tivity  have  been  fabricated  by  the  replication  of 
coral  structure  using  a  lost  wax  casting  tech¬ 
nique  (2). 

As  poled,  the  PZT-rubber  replica  is  mechani¬ 
cally  rigid,  but  Hexing  the  composite  fractures 
the  ceramic  skeleton  and  improves  the  piezoelec¬ 
tric  properties.  Shearing  the  structure  lowers 
the  permittivity  without  appreciably  affecting 
the  piezoelectric  d  coefficient.  As  a  result  the 
longitudinal  voltage  coefficient  933  is  greatly 
enhanced. 

Measured  values  are  K33  =  40,  S33  =  100x10  ^ 
C/N,  and  =  300x10"^  Vm/N,  about  fifteen  times 
better  than  a  solid  PZT  ceramic  of  similar  compo¬ 
sition.  The  d^gi,  product  for  this  composite  was 
2800x10~15  m^/N,  about  an  order  of  magnitude 
better  than  solid  PZT. 

An  alternate  method  of  making  3-3  transducer 
composites  was  proposed  by  Shrout  (12,13).  The 
method  involves  the  use  of  a  volatile  phase  in 
the  fabrication  procedure.  Commercially  available 
PZT  powder  is  mixed  with  20  to  70  volume  %  poly- 
methy  methacrylate  (PMMA)  spheres  about  100  pm 
in  diameter.  The  mixture  is  die  pressed  using 
polyvinyl  alcohol  as  a  binder  and  the  binder  and 
PMMA  spheres  volatilized  by  slowly  heating  the 


(5) 


pressed  pellets  to  400° C.  Alter  sintering  ;it  13G0°C 
for  0.5  hour,  the  highly  porous  pellets  are  vacuum 
imprcgnoted  with  suitable  polymer  such  as  a  sili- 
cone  rubber  elastomer  or  a  stiff  epoxy. 

Piezoelectric  properties  of  composites  with 
30%  PZT  in  a  silicone  rubber  matrix  were  similar 
to  the  coral  rcplamine  composites,  was  about 

200  PC/N  and  about  170x10”-^  Vm/fJ.  The  hydro” 
phone  figure  of  merit  peaked  to  a  value  of  25,000 
/N  around  50  volume  percent  silicone 
rubber,  an  order  of  magnitude  larger  than  the 
coral  replamine  composite.  The  piezoelectric  coef¬ 
ficients  are  somewhat  lower  with  an  epoxy  filling: 
d^3  '>■  150  PCN*1,  g53  ^  90x1(T3  Vm/M_1  for  30'4  PZT. 
The  d^^h  Product  with  epoxy  filling  also  peaked 
around  50  volume  X  PZT  to  4000x1 0~‘->  m^/N.  An 
added  advantage  of  this  method  is  that  it  is 
readily  adapted  to  mass  production. 

4.  High  Frequency  Application  of  3-1 
Composites 


Piezoelectric  composites  are  not  limited  to 
low  frequency  appl feat  ions.  At  high  frequencies, 
3-1  connected  composites  show  good  potential  for 
broad  band  transducer  applications  such  as  ultra¬ 
sonic  imaging. 


For  a  bar  shaped  specimen,  the  f undamenta l 
frequency  of  a  dilatational  mode  is  given  by 

fL  =  ~  where  t  is  the  governing  dimension,  p 


the  density,  and  Y  the  appropriate  Young's  modulus. 
In  such  a  transducer,  the  width  of  the  3dB  pass 
band  at  resonance  frequency  (f)  is  limited 

by  the  mechanical  Q  of  the  material.  Q  is  given 
by  f/Af-^B  for  Q>10*  For  ceramic  piezoelectri cs, 

Q  is  typically  in  be  range  50-1000  giving  a  3dB 
bandwidth  of  0.1  to  2%  of  center  frequency. 


However,  based  on  the  equation  for  it  is 
possible  to  fabricate  a  broad  bandwidth  electro¬ 
mechanical  transducer  from  a  single  piezoelectric 
element  by  forming  the  element  into  a  wedge  of 
varying  thickness  and  driving  it  in  thickness 
resonance.  In  this  case  the  resonance  mode  encom¬ 
passes  a  range  of  frequencies  governed  by  the 
maximum  and  minimum  thickness  of  the  wedge.  How¬ 
ever,  since  the  vibrating  elements  are  strongly 
mechanically  coupled,  destructive  interference 
occurs  between  regions  of  different  thickness 
resonating  out  of  phase,  and  low  efficiency  re¬ 
sults. 


Connecting  piezoelectric  ceramic  elements  in 
parallel  with  a  mechanically  lossy  polymer  can 
overcome  the  shortcomings  of  the  wedge  configura¬ 
tion  and  produce  an  efficient  broad  band  device 
(14).  In  this  application  many  piezoelectric 
elements  with  different  dimensions  are  used  to 
provide  a  wide  pass  band,  but  the  elements  are 
combined  into  a  single  array  using  an  inactive, 
low  Q  polymer  which  decouples  the  elements  mecha¬ 
nically  and  prevents  interference.  The  device 
consists  of  sheets  of  piezoelectric  material,  e.g. 
PZT,  laminated  with  polymer  layers  so  that  the 
active  elements  are  separated  by  sufficient  poly¬ 
mer  to  reduce  the  mechanical  coupling.  The  slope 
of  the  device  (tan  0)  defines  its  bandwidth  accor¬ 
ding  to  the  relationship 


Af 


*i*r/Jiiz 

~N~ 


where  Af  is  the  bandwidth  in  Hz,  x  is  the  width 
of  the  device,  and  f- j  and  are  the  maximum  and 
minimum  resonant  frequencies  corresponding  tc 
elements  of  length  L-j  and  1*2  in  Fig.  4.  N  is 
the  longitudinal  node  frequency  constant  of  the 
piezoelectric  material  used  in  the  composite.  The 
bandwidth  can  be  increased  by  inert  osing  '■  as  far 
as  the  natural  mechanical  Q  of  PZ1  will  allow. 


The  above  concept  has  been  verified  experi¬ 
mentally  by  substituting  for  the  2-2  connected 
lamellar  composite,  a  composite  of  soft  PZT  cera¬ 
mic  rods  embedded  in  epoxy,  similar  to  those 
described  in  Section  2.  This  notorial  has  the 
advantage  of  accepting  any  surface  profile,  thus 
providing  greater  versatility.  In  principle,  tie 
pass  band  of  this  composite  can  be  tailored  to 
provide  a  frequency  spectrum  of  any  shape. 


Figure  4  -  Parallel  resonant  device  for  broadband 
applications.  Pi ezoclectri c  layers 
(shaded)  are  decoupled  mechanically 
by  an  inactive,  low  G  polymer. 


Figure  5  (a,  b,  c)  compares  the  frequency 
spectra  from  0  to  1  MHz  for  30  volume  %  PZT  fiber 
composites  with  opposite  faces  inclined  at  20,  7 u 
and  10°  respectively.  The  6dR  bandwidth  has  been 
increased  from  7%  for  a  composite  with  parallel 
faces  to  11%  for  2°  composite,  and  to  45%  for  the 
device  with  faces  inclined  at  10  . 

5.  Composites  with  1-3  Connectivity 

Here,  one  dimensionally  connected  polymer  is 
embedded  in  three  dimensional ly  continuous  P27. 

The  P77  was  prepared  by  Corning  Centre  in  the  shape 
of  a  honeycomb  by  extrusion  (Fig.  6).  The  sintered 
ceramic  had  a  wall  thickness  of  180-130  urn  and 
square  tubular  voids  M . 1  mm  on  a  side.  I mpteana- 
tion  of  this  structure  with  polymer  resulted  in  a 
composite  with  26  volume  percent  PZT  (15). 

Relative  permittivity  agreed  with  theoretical 
calculations  whereas  dh  was  somewhat  reduced. 
Resonance  measurements  indicated  that  the  thickncs 
coupling  coefficient  (kt^  was  25%  greater  than  that 
of  homogeneous  P71  while  the  planar  coupling  coeffi¬ 
cient  was  reduced  drastically  along  with  the 
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figure  6  -  Cxtruded  PZT  honeycomb  material 


figure  5  -  bandwidth  broadening  in  parallel  connec¬ 
ted  resonant  compos l t es .  (a)  0-2°; 

(b>  0-7°;  (c>  0=10°. 

Vertical  scale  r  amplitude. 

Horizontal  scale  =  frequencies  1  to  1MHz 

mechanical  Q.  This  composite  can  also  be  used  for 
wide  band.,  irith  applications  by  shaping  it  into  a 
wedge.  6dH  bandwidth  has  been  increased  to  over 
50%  of  the  center  frequency  for  the  composite 
ground  to  a  C  value  of  2°. 

The  enhancement  in  k*  can  be  explained  by 
considering  equation  (6) : 

kt  =  «3.i/  (6) 

where  ejj  is  the  piezoelectric  constant  which  re¬ 
lates  stress  to  field,  the  clamped  permitti¬ 

vity,  and  C?,  the  elastic  stiffness  at  constant 
charge  density.  Substituting  into  equation  (6) 
the  relationship  e^  =  results  in 


kt  = - 

/"  S  r° 

V  1 33C33 


Given  that  C33  =  Cj^d-k^Jand  e^3 
equation  (/)  becomes 


=  4(1-kt)°-kt) 


.2  r° 
d33C  33 


T  (1-k_) 


Terms  in  the  righthand  side  of  equation  19)  are 
not  expected  to  change  in  a  compensating  manner 
t  geometrical  differences  arising  from  phase 
connectivity.  Permittivity  (133)  is  always  a 
linear  function  of  the  area  fraction  of  piezo¬ 
electric  in  a  parallel  composite  because  it  is  a 
pure  electrical  term  and  does  not  rely  on  coup¬ 
ling  between  the  phases.  However,  in  a  dynamical 
situation,  e.g.,  at  resonance  or  at  frequencies 
greater  than  the  mechanical  relaxation  time  of 
tjie  polymer,  the  electromechanical  terns  d^, 

C-j-j,  and  kp  are  expected  to  approximate  those  of 
single  phase  PZT  (16).  Little  energy  transfer 
between  PZT  and  polymer  is  possible  because  a 
large  acoustic  impedance  discontinui ty  exists  be¬ 
tween  them.  As  a  result,  a  net  enhancement  of  k., 
inversely  proportional  to  L^  is  expected.  In 
practice,  this  relationship  will  not  be  followed 
exactly  due  to  some  dependence  of  k  on  connecti¬ 
vity.  D 

In  the  case  of  3-1  composites,  mentioned 
earlier,  where  the  polymer  is  t hree-di mens i ona l l y 
connected  ky  should  be  lower  and  the  kt  enhancement 
should  be  even  more  pronounced.  Planar  and  thick¬ 
ness  coupling  coefficients  of  i9  and  o7  percent 
respectively  have  been  measured  for  these  composites 
in  agreement  with  this  general  prediction.  One 
possible  "static"  application  for  1-3  connected 
honeycomb  material  is  as  a  deformable  mirror  (17). 

In  this  application  a  mirror  is  bonded  to  a  sectioned 
honeycomb  transducer  (with  or  without  polymer  phase) 
and,  by  driving  the  transducer  through  piezoelectric 
d^  with  a  voltage  applied  across  the  PZT  wall  thick¬ 
ness.  The  ability  to  individually  address  small 
regions  of  the  honeycomb  material  coupled  with  low 
operating  voltages  makes  for  potential  apolication 
as  an  active  optic  device  in  communication.  The 
ability  to  distort  sections  of  a  thin  mirror  can 
eliminate  phase  differences  from  an  incoming  optical 
wave  front  distorted  by  atmospheric  turbulence  (18). 


_ ?.  +1 
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ABSTRACT 


PZT/polymer  composites  having  a  1-3  parallel  connectivity  were  fabri¬ 
cated  by  impregnating  a  sintered,  extruded  honeycomb  configuration  of 
PZT  with  various  polymers.  The  resultant  composites  were  found  to  have 
densities  less  than  2900  kg/m3  a  dielectric  constant  of  ^500  and  a 
piezoelectric  djj  of  'v'300xl0~-'-^  C/N.  The  1-3  connectivity  increases 
the  piezoelectric  voltage  coefficient  (£33)  from  22xlO-3  Vm/N  (solid 
PZT)  to  'WOxlO-3  Vm/N. 

The  composites  have  thickness  mode  electromechanical  coupling  coef¬ 
ficients  (kt)  which  are  v25%  greater  than  that  of  homogeneous  PZT,  and 
are  readily  adaptable  for  broad  bandwidth  operation.  This  combination 
of  electromechanical  properties  makes  these  composites  ideal  for  low 
voltage  displacement  and  pulse  echo  applications. 


Introduction 


Over  the  past  few  years,  several  researchers  (1-6)  have  utilized  the  con¬ 
cept  of  phase  connectivity  (3)  in  designing  piezoelectric/polymer  transducers 
with  improved  electromechanical  properties  over  those  of  present-day  homogeneous 
piezoelectric  materials.  Specifically,  diphasic  composites  of  modified  PZT  (lead 
zirconate  titanate) ,  ceramic  and  various  epoxy  resins  and  elastomers  have  a  low 
density  and  exhibit  an  enhanced  piezoelectric  voltage  coefficient,  referred  to 
as  the  g-coef f icient ,  making  them  useful  for  transducer  applications,  e.g., 
hydrophones,  acoustic  imaging,  etc.  The  g-coef f icient  is  defined  in  equation 
[1]  as  the  piezoelectric  strain  coefficient  d^^  divided  by  the  appropriate 
permittivity  coefficient 


8ijk 


Hi 


The  basis  of  the  enhanced  g-coef f icient  lies  in  the  theoretical  expres¬ 
sion  developed  by  Newnham  (3)  for  a  parallel  connected  diphasic  composite,  e.g., 
a  3-1  connectivity  in  which  rods  of  PZT  (phase  1,  normal  to  the  electrode  surf¬ 
ace)  are  embedded  in  a  three-dimensional  continuous  polymer.  The  theoretical 
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equation  for  (composite  £33)  is  given  as 

2..  2. .2.  1 


11  2  2  2 
V  d33  S33+  V  d33  S33 


,33 


12  21  11  22 
(  V^S.33+i:ViS33)(  V  e33+  V  c 33 ) 


12] 


where  V,  d 


33’ 


>33, 


and  E33  are,  respectively,  the  volume  fraction,  piezoelectric 
strain  coefficient,  elastic  compliance  and  permittivity  of  the  appropriate  phase 
(note:  shortened  tensor  notation  used  for  compliance  and  piezoelectric  coeffi¬ 

cient).  Given  a  composite  comprised  of  a  mechanically  stiff  piezoelectric 
(phase  1)  where  ^d3  j>>2d33 ,  ls3j<<2s33»  ^‘e33>>^e33 

-  '^3, 


’33  -  2yl 


C33 


Thus  the  voltage  coefficient  of  the  composite  can  easily  exceed  that  of  the 
solid  piezoelectric.  For  smaller  volume  fractions  of  the  piezoelectric  phase, 
the  g  coefficient  is  amplified  even  further. 


It  is  the  intention  of  this  work  to  investigate  a  1-3  parallel  connected 
composite1  in  which  a  PZT  phase  is  three-dimensionally  connected  with  a  polymer 
connected  in  one-dimension.  PZT/polymer  composites  having  a  1-3  connectivity 
are  fabricated  by  impregnating  a  sintered,  extruded  honeycomb  configuration  of 
PZT  with  a  polymer  (see  Figure  1) . 


Electromechanical  and  physical  properties  measured  on  the  composites  are 
compared  to  those  of  the  homogeneous  piezoelectric  material.  Possible  applica¬ 
tions  for  honeycomb  1-3  connected  transducers  are  discussed. 


Experimental  Procedure 


Sample  Preparation 

The  extruded  PZT  honeycomb  material  was  made  by  Dr.  Irwin  Lachman  of  the 
Corning  Research  Center,  using  a  commercially  available  PZT  powder2.  The  ex¬ 
truded  material  was  placed  on  a  Pt  foil  and  sintered  in  closed  high-purity 
alumina  crucibles  with  lead  zirconate  added  as  a  source  of  PbO.  A  silicon  car¬ 
bide  resistance  furnace  with  a  programmable  controller  was  used,  the  heating 
rate  being  200°C/hr.  with  a  soak  temperature  of  1300°C  for  a  period  of  0.5  hrs. 

Due  to  inhomogeneity  in  the  fired  density,  samples  were  refired  in  a 
hot  isostatic  press  (HIP)  for  one  hour  at  1300°C  and  20  MPa  argon  pressure.  Use 
of  the  HIP  was  found  to  increase  the  fired  density  from  v93%  to  >97%  of  theore¬ 
tical  density.  Details  of  the  HIP  process  for  pressure  sintering  the  extruded 
Corning  honeycomb  materials  and  improving  its  dielectric  breakdown  strength  can 
be  found  in  Reference  7. 

The  highly  open  honeycomb  structure  allowed  easy  impregnation  with  poly¬ 
mer.  In  this  investigation  two  types  of  polymers  were  used:  a  stiff  vinylcyclo 


'Note:  Although  no  strict  distinction  can  be  made  between  1-3  and  3-1  connect¬ 
ivity,  this  paper  designates  the  first  digit  to  represent  the  polymer  con¬ 
nectivity. 

2Ultrasonic  Powder  PZT-501A.  Ultrasonics  Powders,  Inc.,  2383  S.  Clinton  Avenue, 
South  Plainfield,  NJ  07080. 
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hexane  dioxide  epoxy3  (Spurrs)  and  a  medium  soft 
(high  viscosity)  flexible  elastomer4  (Flexane). 
Approximately  30  millimeter  long  by  17  millimeter 
diameter  sections  of  sintered  extruded  material 
were  placed  in  slightly  larger  plastic  tubes 
which  were  closed  at  one  end.  After  pouring  the 
polymer  and  evacuating  to  remove  trapped  air, 
the  polymers  were  cured  at  70°C  for  at  least 
eight  hours.  The  PZT  component  of  the  composites 
made  up  about  26%  of  the  total  volume. 


For  electromechanical  measurements,  disks 
were  cut  perpendicular  to  the  composite  axis,  and 
polished  parallel  using  n,25  micron  SiC  paper. 

The  surfaces  were  then  cleaned  with  alochol  and 
electrodes  of  air-dry  silver  applied. 

Measurements. 

The  composites  were  poled  in  a  stirred  oil 
bath  at  80°C  by  applying  a  DC  field  ranging  from 
15-20  MV/m  for  at  least  two  minutes.  The  complete¬ 
ness  of  poling  was  checked  by  measuring  the 


piezoelectric  633  coefficient  using  a  Berlincourt  "honeycomb"  composite. 

833  meter: .  Dielectric  permittivity  and  loss  (tan 

$)  were  measured  using  an  automatic  capacitance  bridge  at  1  kHz.  Measurements 


were  made  both  before  and  24  hours  after  poling. 


Hydrostatic  piezoelectric  coefficient,  d^,  was  determined  by  a  pseudo- 
static  method.  Pressure  was  changed  at  the  rate  of  3.5  MPa/sec.,  while  charge 
was  collected  by  a  Keithley  Electrometer 7  in  the  feedback  charge  integration 
mode. 


A  resonance  testing  apparatus,  based  on  the  IRE  Standards  on  Piezoelec¬ 
tric  Crystals  (8),  was  used  to  measure  electromechanical  coupling  factors, 
Young's  modulus,  frequency  constants,  and  tiie  mechanical  quality  factor  Q.  Mea¬ 
surements  were  made  24  hours  after  poling. 

Results  and  I )i scussion 

Macrostructure 


Typical  macrostructures  of  the  honeycomb  material  and  a  sectioned  1-3 
connected  PZT/Spurrs  composite  are  shown  in  Fig.  1.  These  photographs  also 

’’Spurrs  bow-Viscos i ty  Embedding  Media,  No.  5135,  Polysciences,  Inc.,  Washington, 

PA  18976. 

4 Devon  Flexane  060,  Nocen  Industries,  Inc.,  502  Railroad  St.,  Jersey  Shore, 

PA  17740. 

5 Berlincourt  (Model  333)  d33  meter,  Channel  Products,  Inc.,  16722  Park  Circle 
Drive,  Chagrin  Falls,  OH  44020. 

^ Hewlett  Packard  (Model  4270A)  Automatic  Capacitance  Bridge,  Hewlett  Packard, 
1-59-1  Yoyogi,  Tokyo,  Japan  151. 

7Keithley  (Model  616)  Digital  Electrometer,  Keithley  Instruments,  Inc.,  Cleveland, 
OH. 
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TABLE  1 

Electromechanical  and  Physical  Properties  of  PZT/Polymer  Composites 


Homogeneous  1-3  Composites 

Property  PET  501Aa.b  PZT/Spurrs  PZT/FUxanr 


density  (kg/mS 

7900 

2900 

260U 

dielec  trie 
constant  (K) 

2000  (unpoled)  340-370 

(1800) b  (poled)  450-500 

390-46U 

480-520 

tan  6 

0.014 

0.017  0.025 

piezo  d^3 
(*  ur12  c/N) 

400 

240-300 

260-340 

piezo  dh 
(x  ur12  c/N) 

50 

10-20 

15-20 

piezo  <J$2 
-(x  10-12  c/N) 

175 

115-140 

120-16(. 

voltage  coef .  gy * 

(x  UT3  V«/N) 

22 

60-70 

60-70 

voltage  coef.  g 
(x  TO'3  Vm/N) 

10 

29-32 

28-35 

Ultrasonic  Powder,  Inc 

.,  "Plezosonlc 

Powders”  data  sheet. 

Properties  measured  on  PZT-50A  disks  were  found  to  be 
ment  with  expected  values.  However  typical  values  of 
constants  were  found  to  be  lower  M8Q0i  10Z. 

in  good  agree 
dielectric 

TABLE  2 

Electromechanical  and 

Physical  Properties  Determined 

by  Resonance 

Property 

Homogeneous. 

PZT-501Aa,° 

1-3  Composites 
PZT/Spurrs  PZT/Flexane 

Frequency  constant 

N  ..  .  (Hzm) 

thickness 

1740 

1600 

1600 

Elastic  stiffness 

C°3  (C  Pa) 

96 

81 

81 

Thickness  coupling 
coefficient,  kf  (Z) 

45 

55-65 

55-58 

Planar  coupling 
coefficient,  k  (Z) 

P 

6) 

35 

c 

rNote:  The  PZT/Flexane  composites  did  not  give  distinct  pi-mar 

mode  resonances  due  to  difficulties  in  processing  uniform  disks. 


typify  the  macrostructure  of 
PZT/Flexane  composite  except 
that  the  Flexane  is  black.  It 
is  clearly  seen  that  the  PZT 
phase  is  three-dimensionally 
interconnected  with  the  polymer 
one-dimensionally  connected. 

The  deformations  present  in  the 
PZT  structure  arise  from  im¬ 
perfections  in  the  green  ex¬ 
truded  material,  such  as  non- 
uniform  wall  thickness.  The 
wall  thickness  of  the  PZT  ranged 
from  180  pm  to  350  pm  ('\-7  to  ^13 
mils),  with  approximately  1.1  mm 
interspacings.  Excess  polymer 
around  the  edge  of  the  specimen 
gives  additional  mechanical 
strength  but  means  that  the 
polymer  phase  is  partially  three- 
dimensionally  connected. 

Electromechanical  and  Physical 
Data 


Electromechanical  and 
physical  properties  are  reported 
in  Tables  1  and  2,  with  Table  2 
representing  properties  as  deter¬ 
mined  by  resonance. 

The  densities  of  the 
PZT/Spurrs  composites  were 
found  to  be  'V2900  Kg/m^.  A  re¬ 
duction  of  density  from  2900  to 
2600  Kg/m^  in  the  PZT/Flexane 
composites  was  the  result  of 
bubbles  in  the  polymer. 

Values  of  the  dielectric 
constant  (K)  were  found  to  be 
around  500  for  both  the  PZT/Spurrs 
and  PZT/Flexane  composites.  The 
predicted  value  of  K,  calculated 
for  the  parallel  model  equation 

131: 


v  =  V  K  4-  V  k 

(composite)  (P7.T)  (polymer) 

11  2  2 
given  V  and  K  are  26  volume  %  PZT  and  'vl800,  respectively,  and  V  and  K  are 

74  volume  %  polymer  and  6  is  approximately  470.  The  predicted  value  of  the 
dielectric  constant  was  within  10  percent  of  the  experimental  values.  Dielec¬ 
tric  constants  of  the  Spurrs  epoxy  and  Flexane  elastomer  were  6  and  8,  respec¬ 
tively. 
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According  to  the  theory  developed  by  Newnham  (3),  the  piezoelectric 
constant  d  j ^  for  a  parallel  connected  model  would  not  be  a  function  of  the  vol¬ 
ume  fraction  of  PZT  in  the  composite,  assuming  that  the  polymer  phase  is  much 
more  compliant  than  the  PZT  and  that  all  the  stress  is  transferred  to  the  PZT. 
Composite  values  of  piezoelectric  d^j  are  somewhat  lower  than  expected  assuming 
an  ideal  parallel  model,  indicating  that  not  all  the  stress  is  transferred  to 
the  PZT  phase.  The  values  of  d^3  are  also  found  to  vary  considerably  from 
point  to  point,  as  determined  using  the  Berlincourt  d'j3  Meter.  The  d  3  3  Meter 
measures  the  charge  developed  on  a  sample  due  to  stress  from  two  rounded  rams. 

As  reported  by  Klicker  (5,6),  if  the  rams  happen  to  be  in  direct  physical  contact 
of  PZT,  then  the  force  on  the  PZT  is  transmitted  directly  by  the  rams  and  not  to 
the  PZT  phase  via  the  polymer  phase.  Values  of  piezoelectric  d^3  taken  at  points 
near  or  on  the  PZT  phase  are  considerably  higher  (>400xl0~l-2  c/N)  than  values 
taken  more  on  the  polymer  phase.  It  is  for  this  reason  that  the  reported  values, 
found  in  Table  1,  are  the  average  values  of  at  least  ten  random  point  measure¬ 
ments. 


Since  PZT  is  the  three-H imensionally  connected  phase  it  is  to  be  expected 
that  the  piezoelectric  d3i  coe* . ..  1  ient  should  also  be  largely  unaffected  by  the 
volume  fraction.  Values  of  piezoelectric  d3^  found  in  Table  1,  determined  from 
the  measured  d33  and  dh  using  the  following  relationship: 


dh  =  2d31+d33’ 


are  also  found  to  be  somewhat  lower  than  expected,  assuming  d3l  independent  of 
volume  fraction.  The  piezoelectric  g33  and  g3^  values  reported  were  computed 
from_the  measured  ^33  and  calculated  333  values  and  from  the  permittivities. 
The  g  values  were  found  to  be  up  to  three  times  t lie  value  for  homogeneous  PZT, 
as  expected  from  permittivity  considerations  (equations  1  and  3). 


A  resonance  spectrum  for  1-3  composites  is  shown  in  Fig.  2.  A  weak 
planar  mode  resonance  signal  (lower  left  corner)  and  a  very  broad  thickness 
mode  signal  are  shown.  Other  possible  spurious  resonances  appear  to  have  been 
suppressed,  possibly  due  to  the  very  low  mechanical  Q  of  the  composites.  Mech¬ 
anical  Q  measurements  appear  to  show  some  dependence  on  specimen  connectivity, 
but  are  inconclusive  and  require  further  investigation. 


In  Table  2,  measured  resonant 
properties  for  the  composites  are  com¬ 
pared  to  those  for  homogeneous  PZT. 
Interestingly,  t he  fundamental  thickness 
mole  frequency  constants  (N^l  are  iden¬ 
tical  for  both  types  of  composites  and 
are  similar  to  that  of  solid  PZT,  indi¬ 
cating  that  the  polymer  lias  very  little 
effect  on  resonant  properties  in  this 
direction.  This  observation  is  in  agree¬ 
ment  with  previous  work  on  3-1  composites 
and  has  been  explained  elsewhere  (9). 

Both  planar  and  thickness  mode  coupling 
coefficients  are  reported  in  Table  2. 

The  planar  coupling  coefficient  (kp)  is 
considerably  larger  for  homogeneous  PZT 
than  for  the  PZT/Spurrs  composite,  which 
may  be  expected  considering  the  partial 
series  connectivity  of  the  polymer  in 
this  direction.  A  measured  value  of 
45  percent  for  the  thickness  coupling 


FIG.  2 


Resonance  spectra  for  lY.T/polymer 
composite.  Horizontal  scale  is 
0-1.4  MHz. 
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coefficient  (kt)  for  homogeneous  PZT  is  typical  of  those  for  commonly  used  PZT’s 
(hard  and  soft)  which  normally  fall  in  the  range  from  30  to  31  percent  (10). 
However,  for  both  types  of  1-3  connected  composites  kt  is  higher  by  20  to  30 
percent  than  the  homogeneous  PZT  value.  It  appears,  therefore,  that  the  com¬ 
posite  connectivity  enhances  the  thickness  mode  coupling  coefficient. 


The  enhancement  can  be  explained  by  considering  equation  [A] 

.nrzr 


kt  e33/c33C33 


[A! 


where  is  the  piezoelectric  constant  which  relates  stress  to  field,  e.33  the 

clamped  permittivity,  and  C?->  the  elastic  stiffness  at  constant  charge  density. 


Substituting  into  equation 


'?2i 


tho  relationship  e3j  -  CI33C33  (9),  results  in 


k  = 

t 


n  n 


s  o'1 

33  3  3 


Given  that  and  =  Cjj(l-k^)  (l-k£)  (8),  equation  [ 5 ]  becomes 


t.e.  , 


,2  rD 
d33C  33 


(l-k?)  T 


e  (1-k  ) 
33  p 


kt  = 


C33  U~kp) 


d2  rD 
33  33 


+1 


-1/2 


17} 


Terms  in  the  right  hand  side  of  equation  [7]  are  not  expected  to  change 
in  a  compensating  manner  to  geometrical  differences  arising  from  phase  connec¬ 
tivity.  Permittivity  (el^)  is  always  a  linear  function  of  the  area  fraction  of 
piezoelectric  in  a  parallel  composite  because  it  is  a  pure  electrical  term  and 
does  not  rely  on  coupling  between  the  phases.  However,  in  a  dynamical  situation, 
e.g.,  at  resonance  or  at  frequencies  greater  than  the  mechanical  relaxation  time 
of  the  polymer,  the  electromechanical  terms  d33,  C33 ,  and  kp  are  expected  to 
approximate  to  those  of  single  phase  PZT  (9).  Little  energy  transfer  between 
PZT  and  polymer  is  possible  because  a  large  acoustic  impedance  discontinuity  ex¬ 
ists  between  them.  As  a  result,  a  net  enhancement  of  kt,  inversely  proportional 
to  /e^  is  expected.  In  practice,  this  relationship  will  not  be  followed  exactly 
due  to  some  dependence  of  kp  on  connectivity. 


In  the  case  of  3-1  composites,  mentioned  earlier,  where  the  polymer  is 
three-d imensionallv  connected  kp  should  be  lower  and  the  kt  enhancement  should 
be  even  more  pronounced.  Planar  and  thickness  coupling  coefficients  of  19  and 
87  percent  respectively,  have  been  measured  for  these  composites®,  in  agreement 
with  this  general  prediction. 


Applications 


Possible  transducer  applications  for  the  honeycomb  1-3  connected  com- 


®Note:  The  3-1  composite  coupling  coefficients  were  made  on  thin  disks  (19  mm 

in  diameter)  comprised  of  0.3  mm  diameter  rods  of  PZT  embedded  in  3-dimensionallv 
connected  Spurrs  polymer.  The  volume  fraction  of  PZT  was  0.2. 
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posites  fall  into  two  main  categories:  low 
t  requoncy  (static)  uses  arid  high  frequency 
(resonant)  applications. 

For  high  frequency  applications, 
the  honeycomb  composite's  low  mechanical  Q, 
low  density,  improved  piezoelectric  g-j-j,  and 
enhanced  kt  make  it  a  promising  candidate  for 
ultrasonic  imaging,  especially  for  non¬ 
destructive  testing  and  in  biomedical 
acoustics  (11,12).  The  composite  material 
also  offers  versatility  in  shape  capability, 
making  possible  extremely  wide  bandwidths, 
a  prerequisite  for  pulse-echo  applications 
(13).  Brc ad  bandwidth  is  essential  for  ob¬ 
taining  rapid  rise  time  and  ring  down  in 
pulse  reproduction.  Adaptation  to  broad 
bandwidth  applications  of  3-1  connected  com¬ 
posite  transducers  has  been  described  in  ref¬ 
erences  (T  and  14)  and  in  principle  the  pro¬ 
cedure  for  the  1-3  connected  honeycomb  com¬ 
posite  is  the  same.  Basically,  the  com¬ 
posite  is  driven  at  its  thickness  mode 
resonance  frequency  and  this  frequency  is 
spread  by  inclining  the  faces  normal  to  the 
thickness  at  an  angle  9.  The  device  consists 
of  a  series  of  piezoelectric  elements  with 
different  lengths  (or  thicknesses)  resonating 
over  a  range  of  frequencies.  The  elements 
are  mechanically  decoupled  by  the  polymer 
phase  so  that  destructive  interference  does 
not  occur.  Figures  3(a-c)  compare  the 
f requency/amplitude  spectra  for  1-3  (PZT/ 
Spurrs)  honeycomb  composites  ground  at  9 
values  of  0°,  1°,  and  2°,  respectively. 

The  resonance  spectra  are  transmission  mea¬ 
surements  obtained  using  a  circuit  described 
in  reference  (15).  Comparison  to  the 
spectra  in  Fig.  3  indicates  that  the  6  dB 
bandwidth  has  been  increased  to  over  50%  of 
the  center  frequency  for  the  composite  ground 
to  a  9  value  of  2°  while  the  signal  amplitude 
is  reduced  only  18%  as  compared  to  that  of 
the  parallel  ground  composite  (9  =  0°). 


FIG.  3 

Frequency  amplitude  spectra 
for  1-3  PZT/Spurrs  composite 
Horizontal  scale  is  0-3  MHz. 


One  possible  "static"  application  for 

1-3  connected  honeycomb  material  is  as  a  deformable  mirror  bending  material  (lf>). 
In  this  application  a  mirror  is  bonded  to  a  sectioned  honeycomb  transducer  (with 
or  without  the  polymer  phase)  (Fig.  4),  and,  by  driving,  the  transducer  through 
piezoelectric  d^j  with  a  voltage  applied  across  the  PZT  wall  thickness,  the 
mirror  surface  can  be  subjected  to  small  controlled  deformations.  To  reduce  the 
large  hysteretic  strain/field  effects  associated  with  a  "soft"  PZT,  a  "hard"  PZT 
or  electrostrictive  material  (driven  through  the  electrostr ic tive  Qj^  coefficient) 
can  be  used  (17).  The  ability  to  individually  address  small  regions  of  the  honey¬ 
comb  material  coupled  with  low  operating  voltages  arising  from  the  PZT  (or  electro- 
strictive  material)  wall  thinness,  makes  for  potential  application  as  an  active 
optic  device  in  astronomy  for  eliminating  phase  differences  from  an  incoming 
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optical  wavefront  caused  by  atmospheric 
tu  rbulence  ( 18) . 

Summary  and  Conclusions 

PZT/polymer  composites  having  a 
1-3  connectivity  were  fabricated  by  im¬ 
pregnating  a  sintered  extruded  honeycomb 
configuration  of  PZT  with  a  polymer.  The 
resultant  composites  had  low  densities 
(<2900  kg/m-^)  and  high  piezoelectric 
voltage  coefficients,  as  expected  from 
reduction  in  their  permittivity.  More 
importantly,  the  composites  were  found 
to  have  enhanced  thickness  mode  electro¬ 
mechanical  coupling  coefficient  (kc)  com¬ 
pared  to  homogeneous  PZT.  It  is  postu¬ 
lated  that  the  enhancement  of  kt  arose 
from  the  low  composite  permittivity  which 
was  not  compensated  for  by  a  corresponding 
reduction  in  the  relevant  mechanical  coef¬ 
ficients,  such  as  stiffness  and  piezoelec¬ 
tric  coefficient. 

The  ability  to  extrude  large  quantities  of  the  honeycomb  material  in 
various  lengths  and  diameters  makes  this  process  simple  and  practical  for  fabri¬ 
cation  of  composite  transducer  materials.  A  PZT  honeycomb  extruded  with  a  lower 
volume  percent  PZT  and  with  thinner  walls  and  narrower  openings  should  result  in 
a  more  piezoelectrically  homogeneous  composite  with  further  enhanced  piezoelec¬ 
tric  coefficients.  Couple  with  the  ability  to  individually  address  small  regions 
of  the  composite,  and  to  use  low  driving  voltages,  these  devices  are  potentially 
useful  for  displacement  applications. 

The  combination  of  low  driving  voltage,  high  kt t  and  high  piezoelectric 
voltage  coefficient  make  1-3  connected  composites  ideal  for  pulse-echo  applica¬ 
tions.  Varying  the  composite  thickness  broad  bandwidths,  over  50%  of  the  center 
frequency,  can  be  readily  obtained. 
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Honeycomb-type  transducer  as  a  low 
voltage  deformable  mirror  backing 
material. 
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High-frequency  electromechanical  properties  of  piezoelectric 
ceramic/polymer  composites  in  broadband  applications 
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Composites  of  piezoelectric  ceramic  (lead  zirconate  titanate)  rods  aligned  in  an  epoxy  resin  matrix 
have  been  evaluated  for  broadband  transducer  applications.  The  rods  are  driven  at  their 
longitudinal  mode  resonance  frequency  and  bandwidth  is  increased  by  fabricating  the  composite 
in  a  wedge  configuration.  The  passband  can  be  tailored  as  required  by  altering  the  surface  profile 
of  the  device,  and  in  principle  bandwidths  of  almost  100%  are  possible.  Dimensional  parameters 
governing  the  design  and  performance  of  the  device  are  presented.  The  attenuation  properties  of 
the  polymer  phase  are  of  prime  importance  in  mechanically  decoupling  adjacent  piezoelectric 
elements.  Acoustic  signal  attenuation  in  the  polymer  is  accomplished  by  the  series  combination  of 
acoustic  impedence  mismatch  and  classical  transmission  line  attenuation.  Experimental  and 
theoretical  considerations  suggest  the  mechanical  Q  of  the  polymer  is  so  low  that  the  active 
elements  are  insignificantly  damped.  As  a  corollary,  linear  theory  is  not  reliable  for  the  prediction 
of  dynamic  mechanical  properties  of  piezoelectric  composites. 

PACS  numbers:  43.88.Fx,  43.35.Mr,  43.80. Vj 


INTRODUCTION 

Electrical  circuits  operating  at  high  frequency  often  re¬ 
quire  some  form  of  frequency  control  to  limit  the  passband 
of  frequencies.  This  control  can  take  the  form  of  a  piezoelec¬ 
tric  crystal  or  ceramic  component  shaped  so  that  the  fre¬ 
quency  range  of  interest  coincides  with  a  resonance  frequen¬ 
cy  of  the  piezoelectric  element.  At  resonance,  the 
piezoelectric  filter  has  minimum  impedance  several  orders 
of  magnitude  lower  than  its  nonresonant  impedance.  Conse¬ 
quently,  the  element  readily  passes  signals  at  frequencies 
close  to  its  resonant  frequency,  the  width  of  the  passband 
usually  being  defined  by  the  mechanical  Q  of  the  device  as' 

Q  —  —  ,  for  Q>  10,  jl) 

^  ft  ,1B 

where /is  the  center  frequency  and  d  /,  llB  is  the  three  decible 
I  power)  passband.  For  ceramic  piezoelectrics  the  mechanical 
Q  is  typically  in  the  range  50- 1000,  whereas  for  quartz  it  can 
be  higher  than  100  000.  Therefore,  while  narrow  passband 
filters  are  readily  available,  broadband  filters,  in  which 
bandwidths  up  to  50%  of  the  center  frequency  are  required, 
are  more  difficult  to  produce. 

Broad  bandwidth  devices  are  finding  extensive  uses  in 
acoustic  imaging,  especially  for  nondestructive  testing  and 
biomedical  applications.’ '  Usually  the  transducers  are  op¬ 
erated  in  a  pulse-echo  arrangement.  Here,  wide  bandwidth 
offers  fast  pulse  rise  time  because  the  frequency  response  is 
significantly  higher  than  the  center  frequency,  and  low  ring¬ 
ing  because  these  transducers  generally  have  low  mechanical 

Q 

Previously,  the  transducer  bandwidth  has  been  in¬ 
creased  in  several  ways,  including  (a)  Connecting  an  induc¬ 
tor  in  series  with  the  piezoelectric  element  in  order  to  match 
its  electrical  Q  with  the  detection  circuit/’  (b)  Electrically 
connecting  narrow  bandwidth  elements  with  slightly  differ¬ 
ent  resonance  frequencies  in  parallel/’  (c)  Mechanically- 


damping  the  resonance  of  a  low  Q  piezoelectric  element  with 
a  well-matched  backing  layer  in  order  to  spread  the  reso¬ 
nance  peak  over  a  wider  frequency  range.1  (d)  Using  match¬ 
ing  transformers  of  quarter  wave  thickness  between  the 
transducer  and  the  load  in  order  to  minimize  acoustic  im¬ 
pedance  discontinuity.7 " 

Methods  (c)  and  Id)  are  now  widely  favored,  although  in 
method  (c)  much  of  the  input  energy  is  wasted  by  damping, 
and  in  (d)  a  lack  of  transformer  materials  with  the  correct 
acoustic  impedance  necessitates  the  use  of  complex  trans¬ 
former  configurations.  Nevertheless,  by  employing  three 
matching  transformers  with  a  suitable  backing  material  and 
electrical  impedance  matching,  Golf  has  produced  efficient 
transducers  with  3  dB  bandwidths  up  to  76%  of  the  center 
frequency. 

In  this  paper  a  new  type  of  broad  bandwidth  device  is 
described.  By  combining  resonant  piezoelectric  elements 
mechanically  in  parallel  with  a  low  mechanical  Q  polymer,  a 
monolithic,  low  loss  transducer  with  a  widely  variable  band¬ 
width  has  been  developed.  Critical  factors  governing  the 
physical  dimensions  of  the  device  are  presented,  along  with 
details  of  the  role  of  the  polymer  in  attenuating  acoustic  sig 
nals  between  adjacent  piezoelectric  elements. 

THE  TRANSDUCER  DESIGN 

Resonance  behavior  is  critically  dependent  on  the  di¬ 
mensions  of  the  resonance  specimen.  For  a  bar-shaped  speci¬ 
men  the  frequency  of  a  fundamental  dilatational  mode  reso¬ 
nance  is  given  by 


w  here  L  is  the  governing  dimension,  p  the  density,  and  Vthe 
appropriate  Young’s  modulus  Equation  (2)  holds  provided 
the  dimensions  of  the  bar  are  sufficiently  different  [usually 
by  a  factor  of  three  (Ref  9)]  that  mode  coupling  through 
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Poisson's  ratio  is  not  encountered.  Also,  it  is  important  for  a 
clean  resonance  that  the  opposite  faces  of  the  specimen,  de¬ 
termining  L.  be  accurately  parallel. 

In  such  a  transducer,  the  bandwidth  is  determined  by 
the  mechanical  Q and  as  such  is  a  material  property.  Howev¬ 
er,  it  is  possible  in  principle  to  broaden  the  bandwidth  by 
forming  a  single  piezoelectric  element  into  a  shape  which  has 
varying  thickness  (e.g.,  a  wedge)  and  driving  the  element  at 
frequencies  corresponding  to  resonance  of  the  thickness  di¬ 
mensions.  In  this  case  the  thickness  mode  resonance  encom¬ 
passes  a  range  of  frequencies  governed  by  its  maximum  and 
minimum  dimensions.  Unfortunately,  since  the  element  is 
strongly  mechanically  coupled  at  all  points,  destructive  me¬ 
chanical  interference  occurs  between  regions  of  different 
thickness  resonating  at  different  frequencies,  and  low  effi¬ 
ciency  results. 

In  the  new  device  many  piezoelectric  elements  with  dif¬ 
ferent  dimensions  are  used  to  provide  a  wide  passband,  but 
the  elements  are  combined  into  a  monolithic  array  using  an 
inactive,  low  Q  polymer  which  decouples  the  elements  me¬ 
chanically  and  so  prevents  interference.  The  device,  shown 
diagrammatically  in  Fig.  1(a),  consists  of  sheets  of  piezoelec¬ 
tric  material,  e.g.,  lead  zirconate  titanate  (PZT),  laminated 
with  the  sheets  of  polymer  so  that  the  active  elements  are 
separated  by  sufficient  polymer  that  most  of  the  mechanical 
coupling  between  elements  is  removed.  The  piezoelectric  is 
arranged  with  its  polar  axis  parallel  to  the  polymer  interface 
and  in  the  direction  governing  the  desired  resonance  fre¬ 
quency.  The  composite  is  then  ground  to  form  a  wedge,  the 
slope  of  which,  tan<9,  defines  its  bandwidth  according  to  the 
relationship 

Af=XtandfJ2/N,  (3) 

where  X  is  the  spacing  between  the  first  and  last  active  ele¬ 
ments,/,  and /,  are  the  resonance  frequencies  of  these  ele- 


FIO  I  iai  Broadband  transducer  configuration  showing  the  spatial  rela¬ 
tionships  between  active  elements  (shaded)  and  polymer  matrix,  (b)  Hon 
/ontal  section  through  the  fiber  composite  showing  the  electrode  pattern 
Thick  lines  denote  breaks  in  the  electrode.  For  bandwidth  determination 
the  whole  central  5  <  3  matrix  of  fibers  was  employed.  Attenuation  data 
were  obtair  d  between  adjacent  I  x  3  fiber  matrices 


ments,  and  N  is  the  longitudinal  mode  frequency  constant 
(product  of  resonance  frequency  and  its  governing  dimen¬ 
sion)  of  the  piezoelectric  material  used. 

The  maximum  value  of  6  is  limited  by  the  natural  band¬ 
width  of  the  piezoelectric  and  is  determined  from 

tanOm>>  =  (4 ///)(£ /a),  (4) 

where  (A  f  //)  us  the  natural  bandwidth  of  the  active  piezo¬ 
electric  (within  a  given  signal  level,  say  3  dB),  L  is  the  mean 
length  of  an  element,  and  a  is  its  width.  Thus  at  high  <9  values 
a  clean  resonance  will  not  be  obtained  owing  to  the  variation 
in  length  of  each  element.  Also,  the  active  elements  must  be 
sufficiently  closely  spaced  that  the  resonance  frequencies  of 
individual  elements  overlap  to  provide  a  smooth  continuous 
passband. 

EXPERIMENTAL 

Although  the  concept  outlined  above  describes  sheets 
of  piezoelectric  ceramic  laminated  with  polymer,  the  actual 
experimental  work  has  been  conducted  on  composites  of 
PZT  fibers  in  an  epoxy  resin  matrix.  The  form  of  these  com¬ 
posites  is  already  well  known  in  hydrophone  applica¬ 
tions,10  11  and  their  fabrication  has  been  described  else¬ 
where.  '  ’  This  composite  has  the  advantage  over  the  lamellar 
composite  described  previously  of  accepting  any  surface 
profile  and  thus  provides  greater  versatility  for  passband 
modification. 

In  principle,  the  passband  of  the  composite  can  be  tai¬ 
lored  to  provide  a  frequency  spectrum  of  any  shape  The 
device  can  even  be  fabricated  in  a  “convex  mirror”  configu¬ 
ration  to  permit  acoustic  focusing  over  a  wide  range  of 
frequencies. 

Composites  containing  10,  20,  30,  40,  and  50  Vol  % 
PZT  (Ultrasonic  Powders,  Inc.,  South  Plainfield,  N.J. 
07080,  Type  501  A)  fibers  embedded  in  Spurrs  epoxy  resin 
(Ernest  F.  Fullam,  Inc.,  Schenectady,  N.Y.  No.  5132)  were 
cut  and  ground  to  3.2  mm  thickness  so  that  their  opposite 
faces  (perpendicular  to  the  fiber  axis)  were  accurately  paral¬ 
lel  (  ±  The  fiber  diameter  a  was  kept  constant  at  0.63 
mm  and  the  interfiber  spacing  y  was  computed  from  the 
mean  of  at  least  ten  measurements  on  each  composite  The 
thickness  of  the  composites  governed  the  length  of  the  fibers 
and  their  resonance  frequency,  and  was  maintained  at  least 
three  times  as  long  as  the  fiber  diameter  to  avoid  mode  cou¬ 
pling.  With  these  dimensions,  the  longitudinal  mode  reso¬ 
nance  frequency  for  the  fibers  was  approximately  500  kHz. 

To  obtain  resonance  data,  the  parallel  faces  of  the  speci¬ 
men  were  electroded  with  sputtered  gold  and  loosely  held 
between  platinum  wire  contacts.  Measurements  fell  into  two 
categories: 

(a)  Amplitude/frequency  measurements  to  obtain  in¬ 
formation  about  the  acoustic  attenuation  mechanism  of  the 
polymer  and  determine  the  optimum  v  olume  fraction  of  fi¬ 
bers  The  signal  transfer  between  adjacent  rows  of  fibers  was 
obtained  using  the  electrode  configuration  shown  in  Fig 

1  (b)  by  driving  one  row  of  three  fibers  at  resonance  and  using 
the  next  as  a  detector.  It  was  assumed  that  the  fiber  rows 
approximated  to  the  planar  configuration  described  earlier 

(b)  Impedance/frequency  spectra  for  the  composites 
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FIG  2  Amplitude/frequency  spectra  for  (a)  30  Vol  c/r  PZT  composite  with 
faces  parallel  ground  and  electrodes  extending  to  the  edges  of  the  device  (b) 
The  same  composite  with  the  outermost  row  of  fibers  removed  from  the 
electrical  circuit,  (c)  A  single  PZT  fiber  removed  from  a  parallel  ground 
composite  [Horizontal  scale — frequency  (0-3  MHz);  vertical  scale — am¬ 
plitude  of  transmitted  voltage  ] 

were  obtained  over  the  required  range  of  frequencies  (usual¬ 
ly  0-1  MH/.)  in  transmission  using  a  circuit  described  else¬ 
where."  In  most  cases  a  5  x  3  matrix  of  fibers  was  employed. 
The  faces  were  completely  elect  roded  and  the  angle  between 
them  varied  in  steps  ofO,  I,  2,  2.6,  5,  7,  and  10°  in  order  to 
increase  the  bandwidth. 


The  resonance  spectrum  for  a  30  vol  %  PZT  composite 
with  parallel  ground  faces,  which  was  typical  of  all  the  com¬ 
posites,  is  shown  in  Figs.  2(a)  and  2(b)  In  Fig.  2(a)  the  elec¬ 
trodes  extended  to  the  very  edge  of  the  specimen,  and  the 
resonance  peaks  were  found  to  be  split  into  doublets.  This 
was  probably  due  to  lowering  of  the  resonance  frequency  of 
the  outermost  fibers  by  the  adjacent  acoustic  impedance  dis¬ 
continuity.  When  the  outermost  row  of  fibers  was  removed 
from  the  circuit  by  reducing  the  area  of  the  electrodes  a 
much  cleaner  resonance  spectrum  was  obtained  [Fig  2(b)], 
Only  two  peaks  other  than  the  fundamental  thickness  mode 
resonance^  were  observed.  One  corresponded  to  the  third 
harmonic  B  and  the  other  minor  peak  at  C  may  have  been  a 
composite  resonance  or  resonance  of  the  epoxy  resin.  No 
radial  mode  resonances  corresponding  to  the  diameter  of  the 
fibers  were  detected,  indicative  of  strong  damping  by  the 
polymer  in  all  directions  perpendicular  to  the  fiber  length 
The  resonance  spectrum  of  a  single  fiber  without  epoxy  resin 
[Fig.  2(c)]  showed  c;)ose  similarity  in  resonance  frequency 
and  peak  width  with  that  of  the  30%  composite  [Fig.  2(b)] 
and  with  spectra  for  the  other  composites. 

RESULTS  AND  DISCUSSION 
Bandwidth  broadening 

In  Table  I,  6-dB  bandwidth  data  for  the  various  com¬ 
posites  aregiven  for  lvalues  from  0  to  10°.  Forthe  10%  PZT 
composite  the  bandwidth  rapidly  broadened  with  increasing 
lowing  to  the  wide  interfiber  spacing and  consequently 
could  noi  be  kept  within  a  6  dB  tolerance.  Attenuation  data 
for  the  50%  composites  showed  considerable  scatter  isee  the 
next  section)  and  consequently  bandwidths  were  not  deter¬ 
mined.  Also  shown  in  the  table  are  6  dB  bandwidth  and 
resonance  frequencies  for  PZ.T  rods  of  identical  length  to 
those  in  the  composites. 

Comparing  the  resonance  behavior  of  the  20,  70.  40. 
and  50%  composites  with  that  of  the  PZT  rods,  there  is  no 
consistent  change  in  the  resonance  frequency  or  bandwidth 
at  0  =  0°  The  implication  is  that  the  resonance  behavior  of  a 
rod  embedded  in  a  composite  closely  resembles  that  of  a 
“free"  rod.  Considering  the  acoustic  impedance  discontinu¬ 
ity  between  the  polymer  and  the  ceramic,  and  the  higher 
mechanical  Q  of  the  latter  Isee  later  section),  this  behavior  is 
to  be  expected. 

The  data  in  Table  1  show  a  large  increase  in  bandw  idth 
with  increasing  6.  Equation  (3)  predicts  that  the  bandwidth 
should  be  linearly  dependent  on  X  tan#  and  this  is  indeed  the 
case,  as  Fig.  3  demonstrates.  In  Fig.  4  the  6  dB  bandwidths 
and  the  change  in  amplitude  of  the  resonance  peaks  are 
shown  as  a  function  of  0  for  the  20,  30,  and  40%  PZT  com¬ 
posites.  For  all  these  devices  a  reduction  in  amplitude  is  ob¬ 
served  until  9  is  sufficiently  large  that  peak  separation  occurs 
on  the  resonance  spectra  (at  approximately  7°),  whereupon 
no  further  reduction  in  amplitude  takes  place.  The  constant 
amplitude  at  high  0  indicates  that  the  9  limit  set  by  Eq.  (4) 
has  not  been  exceeded  However,  at  very  high  0  values  peak 
separation  can  be  sufficient  to  exceed  the  bandwidth  toler¬ 
ance.  Bandwidth  broadening  is  shown  in  Fig.  5  for  a  30% 
PZT  composite  ground  to  9  values  of  2,  7,  and  10°. 
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TABLE  I-  6  OB  bandwidth  data  foi  various  composites  with  ft  values  from  0"  to  10" 


Specimen 
i  Vol  ^  I*/  !  . 

>■ 

immi 

Fundamental 
longitudinal 
mode  resonance 
frequency 
kH/i 

ir 

1 

r/c  Bandwidth 

(6  dBi 

2.6‘ 

5‘ 

r 

10" 

Very 

Very 

Very 

Very 

10 

I  2.1 

4^5 

N.D 

14 

2t 1 

broad 

broad 

broad 

broad 

20 

0.66 

460 

6.4 

6  2 

8.0 

10.4 

16 

30 

56 

*0 

0  4b 

4*J0 

7  3 

6 

1 1  0 

4.0 

16 

36 

46 

40 

0  31 

510 

6.6 

5.3 

6.6 

7  1 

12 

.30 

38 

50 

0.  W 

520 

5  8 

N.D 

N  1) 

N.D. 

N.D. 

N  D 

N.D 

IV.  I 
rtHjs 

4*-H) 

6.5 

i  average 
of  ten) 

Bandpass  tolerances  are  usually  set  at  -1  dB  for  most 
filter  applications,  but  in  the  present  work  the  6  dB  level  has 
been  employed.  This  is  because  only  fifteen  fibers  have  been 
used  to  evaluate  each  composite,  leading  to  problems  with 
resolution.  It  must  be  remembered  that  using  a  sufficiently 
large  number  of  active  elements  enables  the  composites  to  be 
trimmed  to  almost  any  desired  tolerance  and  makes  ex¬ 
tremely  wide  bandwidths  feasible. 

ATTENUATION  IN  THE  POLYMER  MATRIX 

The  purpose  of  the  polymer  matrix  is  to  mechanically 
decouple  the  P7.T  fibers  without  significantly  affecting  their 
individual  resonance  behavior.  From  the  previous  section, 
the  Spurrs  epoxy  resin  appears  to  fulfill  both  requirements. 
However,  it  is  necessary  to  determine  the  factors  governing 
the  attenuation  characteristics  of  the  polymer  in  order  to 
minimise  the  interfiber  spacing  and  obtain  high  piezoelectric 
clement  density,  without  compromising  mechanical 
decoupling. 

Two  attenuation  mechanisms  are  possible  in  the  com¬ 
posites.  First,  an  acoustic  impedance  discontinuity  exists  at 
the  PZT/polymer  interface  which  can  reduce  signal  trans¬ 
mission  into  and  out  of  the  polymer  This  must  be  the  case 
since  the  fibers  are  free  to  resonate  with  little  damping  by  the 


FIG  3  Bandwidth  dependence  on  composite  geometry 
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polymer  (Table  I),  and  also  because  the  calculated  acoustic 
impedances  differ  by  a  factor  of  ~  10  assuming  a  value  of 
3000  ms’1  for  the  acoustic  velocity  of  a  typical  polymer.4 
Consider  an  acoustic  signal  of  amplitude  i ;0  incident  normal¬ 
ly  across  unit  area  of  interface.  The  total  signal  transmission 
across  two  PZT/polymer  interfaces  can  be  estimated  using 
the  relationship 

T=4Z/(Z2  +2Z  +1),  (5) 

where  T  is  the  overall  transmission  coefficient  and 

Z  =  Z,/Zr=ptK/p,Vr.  (6) 

where  Z, ,  Zr,  F  ,  and  Vr  are  the  acoustic  impedances  and 
velocities  of  the  ceramic  and  polymer,  respectively.  Plotting 
/'against  Z  (Fig.  6),  for  Z  >  1,  the  overall  transmission  coef¬ 
ficient  falls  rapidly  with  increasing  Z.  up  to  Z  ~  10,  where- 
upon  further  increases  in  Z  have  only  a  limited  effect  on  T 
Since  most  polymer/PZT  combinations  have  calculated  Z 
values  greater  than  ten,  it  is  to  be  expected  that  many  poly¬ 
mers  can  fulfill  the  impedance  discontinuity  requirements 
for  high  signal  attenuation. 

The  second  attenuation  mechanism  involves  acoustic 
energy  absorption  within  the  polymer,  w  hich  can  arise  from 
both  internal  friction  and  phase  shift  mechanisms.1  If  the 


FIG  4  Effect  of  i?on  bandwidth  and  signal  intensity  for  composites  con 
taming  20.  >0.  and  40  Vol  %  PZT  fibers 
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no  5  Bandwidth  broadening  in  composites  containing  30  Vol  PZT 
ground  tot?  values  of  (a)  2°,  (b)  7",  and  (c)  10"  [Horizontal  scale— frequency 
(0-1  MHz),  vertical  scale— transmitted  voltage  amplitude  on  the  same  lin¬ 
ear  scale  as  Fig  2(b)] 


polymer  is  considered  to  be  a  transmission  line  of  infinite 
length,  a  one-dimensional  treatment  can  be  applied,  gov¬ 
erned  by  the  wave  eqation 


...  -  d'y 

dy!  dt 2 


(7) 


where  tj  is  the  particle  displacement,  y  is  a  distance  param¬ 
eter,  t  is  time,  and  K*  is  the  complex  Young’s  modulus  de¬ 
fined  by 


Y*=Y'  +  iY".  (8) 

The  solution  for  Eq.  (7)  has  the  form 

’I  =  (9) 


where  a>  has  its  usual  meaning  and  <t>,  the  propagation  con¬ 
stant,  includes  both  real  (internal  friction)  and  imaginary 
(phase  shift)  attenuation  terms  and  is  given  by 

<j>  =  ico(p/Y*Y'2.  (10) 

Rearranging  Eq.  (10)  and  substituting  for  j  Y  *|2from  Eq.  (8) 
yields 


\Y"\2  =  o>Y 
IH2  rfW 


(ID 


Substituting  Q  =  \  Y7Y  "i  into  Eq.  (10)  gives 


<t>  =  a>H  (-p7 ) '  " . 


where  H  = 


(12) 


( H  is  the  overall  attenuation  coefficient)  and  the  attenuation 
equation  can  be  rewritten  as: 

Inf)//);,,)  =  iwt  -  a>yH(p/Y')u2.  (13) 

Plotting  H  as  a  function  of  Q  (Fig.  7),  the  effect  of  the  me¬ 
chanical  Q  of  the  polymer  can  be  seen  to  be  small  unless  its 
value  is  less  than  unity. 


The  applicability  of  Eq.  (12)  to  the  present  work  has 
been  tested  by  plotting  —  against  coy  for  the  compos¬ 

ites  (Fig.  8).  Each  point  on  this  graph  corresponds  to  an  am¬ 
plitude  ratio  measurement  between  adjacent  rows  in  the  ap¬ 
propriate  composite.  The  relationship  is  linear  for  the  10,  20, 
and  30%  materials  and  extrapolates  approximately  through 
the  origin.  For  PZT  volume  fractions  above  30%  the  data 
deviate  from  the  form  expected  and  the  attenuation  ratio 
becomes  approximately  constant  at  0.21.  Scatter  is  notice¬ 
ably  greater  in  the  50%  case,  which  may  be  due  to  geometri¬ 
cal  factors  since  the  fibers  are  spaced  less  than  200 pm  apart. 


The  attenuation  minimum  in  Fig.  8  probably  represents 
a  limit  set  by  superimposed  attenui-'.ion  due  to  the  imped¬ 
ance  discontinuity  at  the  PZT/polymer  interface.  Bhalla14 
has  estimated  the  acoustic  velocity  in  Spurrs  epoxy  resin  to 
be  2400  ms  1  by  the  pulse-echo  method.  Using  this  value  for 
Yr  and  assuming  the  density  to  be  1 100  kg  m  '  the  Z  ratio 


FIG.  6  Influence  of  acoustic  impedance  discontinuity  Zon  the  fraction  Tof 
the  force  amplitude  transmitted  between  adjacent  piezoelectric  elements 
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till  ’  l  rtWt  'I'  mivh;tiiK;il  Q  on  itn-  .o  orall  altcnu.iMon  coeflivicw  // 

for  PZ  I  and  Spurrs  is  approximately  14.  Thus  from  Kq  '5; 
'.ho  calculated  overall  transmission  coefficient  is  0.26.  m 
good  agreement  with  the  value  of  0.2  1  obtained  from  big  s 

Pseudostattc  Young's  modulus  V"  has  been  estimated 
by  Klieker1-'  for  Spurrs  as  3  ■  10"  Nm  Substituting  this 
value  and  the  slope  of  Fig.  8  into  Eq  it.3i  (corrected  for  at- 
tenuation  by  acoustic  impedance  mismatch'  yields  a  Q  value 
for  the  polymer  of  0. 3.  While  this  value  may  seem  extremely 
low  by  solid  state,  inorganic  material  standards,  it  is  typical 
for  polymers  near  their  glass  transition  temperature. At 
sufficiently  high  frequencies  (  >  10  MHz|  the  complex 
Young's  modulus  attains  a  constant  value  independent  of 
frequency  as  the  polymer  assumes  glasshke  character  lh 

Although  the  attenuation  data  for  the  10,  20,  and  .30% 
PZT  composites  appear  to  be  a  good  fit  to  classical  attenu¬ 
ation  theory,  there  are  some  reservations  In  the  first  place, 
the  theory  is  developed  for  a  transmission  medium  which  is 
long  compared  to  the  wavelength,  clearly  not  the  case  for 
these  composites  However,  it  seems  probable  that  the  poly¬ 
mer  phase  is  so  highly  attenuating  that  interference  from 
reflection  at  the  end  of  the  transmission  line  is  insignificant 
Secondly,  the  lateral  dimensions  of  the  composites  may  ap¬ 
proach  the  acoustic  wavelength  in  some  cases  and  cause  ve¬ 
locity  dispersion  '  In  general,  however,  the  attainable  accu¬ 
racy  for  polymeric  materials  does  not  warrant  the 
.omplextty  of  making  Rayleigh  type  corrections. 1 

The  acoustic  attenuation  mechanism  of  the  polymer  is 
thus  a  series  combination  of  acoustic  impedance  discontinu¬ 
ity  effects,  internal  friction,  and  phase  shift  Since  75  80%  of 
the  attenuation  occurs  at  the  PZT /polymer  interface,  it  may 
be  expected  that  high  PZT  volume  fractions  can  be  utilized 
without  encountering  problems  due  to  mechanical  interfer¬ 
ence  between  adjacent  piezoelectric  elements 

CONCLUSIONS 

Monolithic  composite  transducers  consisting  of  active 
piezoelectric  elements  dispersed  in  an  inactive  polymer  ma¬ 
trix  have  been  investigated  for  broadband  applications,  such 
as  acoustic  imaging.  The  active  elements  are  PZT  ceramic 
rods  aligned  perpendicular  to  the  thickness  dimension  of  I  he 
composite  and  made  to  resonate  in  their  length  mode.  Other 
modes  are  suppressed  by  the  low  mechanical  Q  polymer  rna 
tnx  The  composite  is  made  broadband  by  varying  its  thick- 


u>y  (*H?rr  • 

f  K  j  8.  Experimental  data  fit  to  the  attenuation  equation 

ii-.ss.  and  shows  sufficient  versatility  that  the  passband  can 
be  tailored  to  almost  any  desired  shape. 

Crosstalk  between  adjacent  piezoelectric  elements  reso¬ 
nating  at  different  frequencies  is  minimized  by  the  highly 
attenuating  nature  of  the  polymer  matrix.  Attenuation  takes 
place  by  a  series  combination  of  reflection  at  the  PZT/po- 
iymer  acoustic  impedance  discontinuity  and  transmission 
attenuation  within  the  polymer  itself.  Important  design  pa¬ 
rameters  pertaining  to  bandwidth  broadening  and  crosstalk 
elimination  are  outlined  for  the  composites. 
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ABSTRACT 

Preparation  and  resonant  properties  of  hard  and  soft  internally 
electroded  PZT  bars  are  described.  The  presence  of  cofired  plati¬ 
num  internal  electrodes  is  shown  to  have  little  effect  on  the 
resonance  behavior  of  hard  PZT.  Piezoelectric  transformers  having 
internally  electroded  primaries  and  secondaries  are  compared  with 
conventional  devices  and  show  improved  transformer  ratio  and  power 
handling  capability. 


Introduction 


In  a  previous  paper  (1)  the  authors  described  the  use  of  cofired  platinum 
internal  electrodes  for  impedance  modification  of  lead  zirconate-lead  titanate 
(PZT)  electromechanical  transducers.  By  incorporating  the  internal  electrodes 
into  the  PZT  in  a  multilayer  configuration  (2)  reduced  voltage/strain  ratios 
were  obtained.  Electrical  properties  (relative  permittivity,  dissipation  fac¬ 
tor,  piezoelectric  coefficients,  and  mechanical  losses)  were  largely  unaffected 
by  the  presence  of  internal  electrodes. 

This  paper  will  describe  the  preparation  and  high  frequency  (resonant) 
elect r ('median i cal  properties  of  multilayer  transducers  made  from  commercial  PZT 
formulations  and  utilizing  platinum  internal  electrodes.  Improvements  in  piezo¬ 
electric.  transformer  performance  by  the  use  of  internal  electroding  will  be 
denonst rat  ed . 


Experimental 


Device  Conf  igurat ions 

The  device  configurations  used  to  study  the  effects  of  internal  electrodes 
on  cleitroneeh.inic.il  properties  have  a  I  read  v  been  described  (1).  The  device 
that  offers  greatest  potential  in  transducer  a  a  licat ions  is  based  on  a  multi¬ 
layer  .  ap.ieitor  internal  electrode  conf  igurat  L  ..  Alternate  internal  electrodes 
..re  connected  together  by  an  external  electrod.  applied  after  firing.  During 
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poling  an  electric  field  is  applied  to  the  external  electrodes  so  that  adjacent 
PZT  layers  are  poled  in  opposite  directions,  but  a  driving  field  on  these  ex¬ 
ternal  electrodes  excites  in  phase  strain. 

Internally  electroded  multilayer  capacitors  are  produced  (2)  by  applying 
metal  electrode  ink  onto  thin  tapecast  sheets  of  high  dielectric  constant  mate¬ 
rial  (such  as  barium  Litanate),  assembling  the  electroded  tape  into  the  required 
device  configuration,  and  firing  to  form  a  dense  body.  The  resulting  composite 
has  greatly  enhanced  capac it ance-to-volume  ratio  for  a  given  operating  voltage 
and  has  tiie  additional  advantage  of  high  dielectric  breakdown  strength  arising 
from  the  thinness  of  the  insulating  ceramic  layers  (3). 

Two  other  device  configurations  were  employed  as  controls  for  characteri¬ 
zing  the  piezoelectric  properties  of  plain  and  internally  electroded  PZT.  These 
consisted  of  bars  ground  from  plain  PZT  and  PZT  with  cofired  internal  electrodes. 
In  the  latter  case,  the  plane  of  the  internal  electrode  was  parallel  to  the 
largest  dimensions  of  the  bar  and  the  poling  direction  extended  throughout  its 
whole  thickness.  In  most  cases  four  internal  electrodes  were  employed.  Mode 
coupling  was  minimized  by  careful  choice  of  specimen  dimensions  (4) . 


Device  Preparation 

Three  commercial*  grades  of  PZT  powders  were  used:  a  soft  PZT  (501A) ,  an 
intermediate  grade  (401),  and  a  high  mechanical  Q  material  designated  401-888. 
Manufacturers'  specifications  for  sintered  specimens  of  these  materials  are 
given  in  Table  1.  The  device  fabrication  process  is  shown  diagrammatically  in 
Figure  1.  PZT  powder  mixed  with  liquid  organic  binder  is  tapecast  (5)  0.25  mm 
thick,  dried,  cut  into  25  mm  squares,  and  electroded  with  platinum  paste**  by 
screen  printing.  The  tape  pieces  are  then  stacked  in  the  appropriate  configura¬ 
tion,  warm  pressed  at  30  MNnT^  and  50°C  to  form  a  coherent  device  structure, 
and  the  binder  burned  out  in  flowing  air  at  700°C  over  a  30-hour  period.  Firing 
in  the  presence  of  a  lead  zirconate  PbO  source  at  1300oC  for  90  minutes  results 
in  specimens  over  95%  dense.  After  grinding  the  fired  specimens  to  expose  the 
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Device  fabrication  route 


♦Ultrasonic  Powders,  Inc.,  South  Plainfield,  NJ  07080. 
♦♦Engelhard  Industries,  East  Newark,  NJ  07029,  Type  E-305-A. 
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Micrograph  showing  a  platinum  electrode  in  an 
interna 2Iy  electroded  .s pcc  imfii . 


internal  electrodes  as  required,  external  electrodes  are  applied  as  fired  on 
silver  paste*,  and  electrical  connections  made  by  soldering  on  0..’  mm  di amulet 
silver  wire.  To  present  delamination,  careful  control  ut  the  internal  elec¬ 
trode  thickness  and  the  warm-pressing  conditions  is  necessary.  separation  at 
the  final  g.  lading  stage  can  be  avoided  by  making  the  platinum  layers  as  thin 
as  possible,  consistent  with  a  continuous  electrode  film.  In  addition,  it  .s 
important  that  the  organic  binder  be  completely  burned  out  prior  to  sintering. 


Figure  2  is  a  scanning  electron  micrograph  of  a  sectioned  50 i A  multilayer 
specimen.  This  sample  has  been  etched  in  a  dilute  aqueous  mixture  ot  hydro¬ 
fluoric  and  hydrochloric  acids  to  expose  the  grain  boundaries.  The  platinum 
electrode  is  incompletely  sintered  but  fully  coherent,  and  it  appears  from  lie 
etched  features  to  be  bonded  to  the  surrounding  ceramic  by  an  intermediate 
....  ph.j  a-.  In  all  the  specimens  examined  the  internal  electrodes  appeared 
t  i  <  ' ■  e  c  oil  t  i  minus  . 
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FIG.  3(a) 

Resonance  detecting  circuit 


ll 


FIG.  3(b) 

Transformer  evaluation  circuit 

Resonance  spectra  for  bar-shaped  specimens  of  plain  and  internally  elec- 
troded  PZT  were  obtained  using  the  circuit  shown  in  Figure  3(a).  The  variable 
capacitor  and  differential  amplifier  were  used  to  subtract  out  the  base  capaci¬ 
tance  of  the  sample  to  allow  observation  of  the  resonance  peaks  at  higher  fre¬ 
quencies  without  distortion. 

Performance  characteristics  of  the  piezoelectric  transformers  were  ana¬ 
lyzed  using  Lite  circuit  in  Figure  3(h).  The  load  resistance,  R^,  was  varied  from 
10^  to  10^  fi.  The  output  impedance  of  the  oscillator  was  lowered  to  provide  a 
stable  supply  voltage  for  t he  low  input  impedance  multilayer  transformers  at 


resonance . 
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Values  of  frequency  constant  for  dilatational  mode  resonances  in  the  dif¬ 
ferent  specimens  are  given  in  Table  2.  In  all  cases,  differences  in  the  fre¬ 
quency  constants  between  plain  and  corresponding  internally  electroded  specimens 
are  less  than  5%  except  for  the  thickness  mode  vibrations  in  the  softer  501A  and 
401  materials.  For  these, the  resonance  frequencies  are  respectively  10%  and  7% 
lower  in  the  internally  electroded  than  in  the  plain  devices.  It  is  possible 
that  in  the  softer  materials  the  presence  of  equipotential  planes  (internal 
electrodes)  can  affect  the  internal  field  distributions  and  influence  domain 
wall  motion,  thus  increasing  the  elastic  compliance  and  reducing  the  resonance 
frequency  (equation  1).  This  effect  would  not  be  as  pronounced  in  the  harder 
401-888  PZT  where  the  domain  structure  is  more  stable  and,  indeed,  the  thickness 
mode  resonance  frequencies  for  the  plain  and  internally  electroded  401-888  agree 
to  within  2%. 

Table  2 


Spec imen 

Frequency  Constant 

Longitudinal 

Width 

Thickness 

Mode 

Mode 

Mode 

501A  Plain 

1390 

1450 

2190 

501A  Internally  electroded 

1380 

1440 

1970 

401  Plain 

1670 

1690 

2220 

401  Internally  electroded 

1620 

1610 

2070 

401-888  Plain 

1750 

1880 

2230 

401-888  Internally  electroded 

1740 

1750 

2200 

Considering  that  eight  platinum/PZT  interfaces  exist  within  the  internally 
electroded  specimens,  it  is  reasonable  to  expect  that  the  influence  of  the  elec¬ 
trodes  on  the  resonance  spectra  should  be  far  greater  than  that  observed,  at 
least  in  the  thickness  mode.  Some  insight  into  the  relative  insignificance  of 
internal  electrodes  in  hard  PZT  can  be  obtained  by  assuming  the  material  to  be 
a  series  linked  composite,  in  which  case  the  mean  elastic  compliance  (S)  can  be 
estimated  using  the  equation: 


S 


PtL  PtS  +  PZTLPZTs 
P\  +  PZTl 


[2] 


where  L  is  the  thickness  of  the  appropriate  layer. 

t  ,  _  .  .  PZT, /Pt.  PZT  E  Q  —  m"12  2  -1 

In  the  present  devices,  L /  L  -  20,  S-,  =  8.3  x  10  m  N  .  The 

average  density  for  a  composite  containing  four  internal  electrodes  is  8,260  kg 

m-^  assuming  densities  of  7600  and  21500  kgm-^  for  PZT  and  platinum  respectively 

Hence  the  calculated  frequency  constant  values  are  1990  Hzm  for  the  plain  401- 

888  and  1935  Hzm  for  the  internally  electroded  material,  a  difference  of  only 

2.7%.  Values  of  the  mean  elastic  compliance  and  mean  density  derived  from  this 

model  show  a  reduction  and  an  increase  respectively  over  the  values  for  pure  PZT 
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uk!  t  herefore  compensate  to  some  extent.  In  addition,  for  composites  having  a 
-ai'gv  eer.ir.ie-t .  '-metal  layer  thickness  ratio,  the  series  model  predicts  "ii!v 
■  '  *  -  cnur.ges  in  frequency  ec'nstattt.  As  a  corollary,  it  should  be  possible  \t y 

tat!  'ring  tne  densities,  elastic  compliances  and  relative  thicknesses  of  the 
ceramic  and  metal  phases,  to  employ  a  wide  range  of  internal  electroJe  materials 
without  influencing  resonance  behavior. 


P i  e/oe  1  ec.  t  r  i c  1’r a n s  i  o rme r 


Convent iona 1  piezoelectric  transformers  (6)  consist  of  a  long  thin  piezo¬ 
elect  tic  ceramic  bar,  the  primary  end  of  which  is  thickness  poled,  while  the 
secondary  end  is  longitudinally  poled  as  shown  in  Figure  5(a).  When  operated 
at  the  longitudinal  mode  fundamental  resonance  frequency,  the  secondary 
piezoelectric  coefficient  is  driven  efficiently  by  the  primary  d3p  piezoelectric 
coefficient.  The  voltage  step-up  capability  is  determined  by  the  relative 
lengths  ol  the  poled  regions  and  by  the  driving  and  loading  conditions  (7). 


In  the  present  work  an  internally 
eiectroded  primary  has  been  employed 
to  obtain  an  improvement  in  step-up 
I  ratio  over  the  conventional  design. 

|  The  actual  device  configuration  used 
I  is  shown  in  Figure  5(b).  The  primary 
!  is  a  nine  internal  electrode  multi¬ 
layer  linked  to  a  401-888  P7.T  second¬ 
ary  by  a  separate  internally  eiectroded 
region  which  acts  as  one  of  the  second¬ 
ary  electrodes.  This  arrangement  is 
intended  to  provide  increased  secondary 
electrode  area,  thus  permitting  more 
uniform  poling  and  greater  charge  col¬ 
lection  capacity  than  is  possible  with 
the  conventional  secondary  configura¬ 
tion.  Furthermore,  D.C.  isolation  is 
possible  since  secondary  electrodes 
are  isolated  from  the  input.  The  over¬ 
all  dimensions  of  the  device  are  15  x 
16  x  1.5  mm  and  the  operating  frequency 
is  approximately  100  kHz. 


P 


Fid.  5 

(a)  conventional;  (b)  multilayer  in¬ 
put/high  output  transformer  configura¬ 
tions.  1'  -  1’rimarv  electrodes 

S  -  Secondary  electrodes 
C  -  flonmon 


Figure  6  compares  the  voltage  step-up  ratio  and  its  variation  with  load 
resistance,  for  four  tvpes  of  transformer:  (A)  convent iona 1 ;  (B)  conventional 
j  with  high  output  secondary  electrodes;  ((')  multilayer  input/low  output  secondary 
I  electrodes,  and  (10  multilayer  i npu t /high  output  secondary  electrodes.  hat a 
presented  are  for  transformers  of  similar  size  driven  at  their  fundamental 
resonant  frequency,  using  the  circuit  shown  in  Figure  1(h).  All  voltages  are 
measured  peak-:  o-pcvik  and  the  input  peak  field  is  constant  .  In  all  the  trans¬ 
formers  an  increase  in  voltage  step-up  ratio  with  increasing  load  resistance 
is  seen.  However,  the  t  r.uts  f.  .risers  equipped  with  a  multilayer  primary  have  a 
greatly  improved  step-up  ratio  .  o-npared  to  those  having  a  convent ional  input. 
Some  dependence  of  step-up  ratio  on  input  field  is  evident,  especially  for  the 
internal lv  electri  ded  devices .  'Vn-  exper  ir.ent  ul  work  is  necessary  to  explain 
l  h  is  nliscrv.it  ion  . 


In  Figure  7  the  output  power  r!  the  four  :  ansforr.er  con  f  igura  c  ions  is 
plotted  as  a  function  of  load  r*‘s  i  ,t.iiire.  Die  ;  over  output  curves  have  a  bimodul 
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shape  whies  ls  consistent  with 
previously  published  work  (7). 

Figure  7  shows  that  t  tie  t  runs i  o r: 
ers  with  a  high  output  ei  .  ndai 
(11  and  0)  are  eapai.lt.  .  !  isu.is,' 
up  to  three  titties  tv  h 
those  with  a  e oiiVo hi  .  1 1  e.  -Sa¬ 

ar  V  . 

C.'oue  lirSvi.  . 

Platinum  intern.il  eleetr.ues 
have  been  incorporated  into  PZT  by 
a  conventional  mulLilayer  capacitor 
processing  teclinique.  Resonant  e 
measurements  show  that  the  elee- 
Lrodes  have  little  influence  on  the 
frequency  constants  of  sintered  PZT, 
especially  for  hard  PZT  composi- 
t ions . 

Piezoelectric  transformers 
with  internal  electrodes  can  read¬ 
ily  be  fabricated  using  a  tapecast¬ 
ing  approach.  Transformers  equip¬ 
ped  with  a  multilayer  primary  show 
enhanced  voltage  step-up  ratio 
compared  to  conventional  devices. 

In  addition,  the  power  handling 
capability  of  the  transformers  can 
be  greatly  increased  by  the  incor¬ 
poration  of  internal  electrodes 
into  the  common  secondary  electrode. 


Power  handling  capability  of  the  various  transformer  con- 
f igura t ions . 


LOG  Rl  n 

FIG.  6 

Transformation  ratio  as  a  function  of  load 
resistance  for  the  four  piezoelectric  trans¬ 
former  configurations  (maximum  field  level 
used  =  0.02  MV/m'1)  . 
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In  recent  years,  ferroelectric  composites  with  several  different  connectivity 

1-3 

patterns  have  been  synthesized  for  transducer  applications.  Epoxy  -  PZT 

composites  with  3-1  connectivity  pattern  have  shown  remarkable  improvement  of 

hydrostatic  piezoelectric  coefficients  (d,  )  and  voltage  coefficients  (g,  )  over 

n  h 

4 

solid  PZT  ceramics.  The  composites  consist  of  parallel  PZT  rods  embedded  in  a 
three-dimens ionally  connected  polymer  matrix,  as  illustrated  schematically  in 
Fig.  1.  PZT  rods  ranging  from  200  to  800  pm,  in  diameter  have  been  used  to 
fabricate  composites  with  10-50  volume  percent  PZT.  Composites  with  d^  three 
times  that  of  solid  PZT-501A*  and  g^  at  least  thirty  times  greater  were  obtained 
in  this  way. 

A  detailed  procedure  for  fabricating  composites  with  3-1  connectivity  has 

4 

been  reported  by  Klicker  et.al.  In  essence,  PZT  rods  were  extruded  and  fired, 
and  then  were  epoxied  in  the  arrangement  shown  in  Fig.  1.  Samples  of  thicknesses 
1-4  mm  were  cut  from  longer  composites  and  poled  in  a  75°C  oil  bath  with  a  field 
of  22  kV/cm  for  five  minutes.  Using  a  10  kV  power  supply,  this  method  of  poling 
limits  the  thickness  of  the  composites  to  about  4mm. 

Further  enhancement  of  the  voltage  coefficient  and  the  hydrostatic  piezo¬ 
electric  coefficient  can  be  achieved  by  arranging  the  rods  in  other  patterns.  A 
triple-pillar  composite  with  rods  oriented  in  three  perpendicular  directions  is 
one  such  example.  Poling  complex  composites  is  difficult  by  conventional  tech¬ 
niques.  Since  it  is  easier  to  work  with  pre-poled  fibers,  a  continuous  poling 
technique  for  long  PZT  rods  has  been  developed  which  overcomes  the  limitations 
on  size  and  geometrical  arrangement  encountered  in  the  direct  poling  of  composites. 

The  continuous  poling  technique  utilizes  the  idea  of  gradually  advancing  the 
rods  through  two  electrical  contacts  maintained  at  the  required  potential  dif¬ 
ference.  Electrical  contact  to  the  PZT  rods  was  achieved  in  two  ways. 


*  Ultra  Sonics  Powders,  Inc.,  South  Plainfield,  NJ 
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In  the  first  method,  the  wetting  behavior  of  a  low-melting  solder*  with  j 

copper  was  utilized  to  form  a  molten  film  of  solder  over  a  circular  hole  (2-4mm  j 

in  diameter)  in  a  copper  plate  (2mm  thick).  The  entire  system  was  immersed  in  j 

1 

an  oil  bath  mantained  at  150°C.  The  surface  tension  and  the  upward  thrust  of 
the  heated  oil  kept  the  molten  film  reasonably  stable.  A  second  copper  plate 
was  positioned  2-4mm  away  from  the  first  plate  to  provide  the  second  electrical 
contact  (Fig.  2a). 

PZT  rods  were  pulled  through  the  two  solder  films  at  a  slow  rate  of 

0. 5mm/minute .  An  electric  field  of  about  14  kV/cm  was  applied  between  the  copper 

plates.  Th_  solder  did  not  wet  the  PZT  rods  and  was  not  pulled  along  with  the 

rod.  Hence  the  problem  of  shorting  the  two  plates  was  not  encountered. 

PZT-501A  rods  200-600  ym  in  diameter  and  several  cm  long  were  poled  using 

this  technique.  Piezoelectric  d^  coefficients  of  the  PZT  rods  were  measured 

“12 

with  a  d^  meter. +  Values  of  400-450  x  10  C/N  were  achieved  consistently 
which  compares  favorably  with  the  d^  values  reported  for  PZT-501A  ceramic 
disks  (n-380  pC/N). 

The  molten  solder  film  proved  to  be  rather  delicate  to  work  with,  however, 
making  large  scale  production  difficult.  To  pole  large  numbers  of  PZT  rods  for 
composites,  an  alternate  way  of  providing  the  contacts  was  developed. 

In  the  second  method,  conductive  carbon  foam  was  attached  to  both  the 
top  and  bottom  copper  plates  using  a  conductive  epoxy  (Fig.  2b).  The  PZT  rods 
were  pulled  through  the  foam  attached  to  the  copper  plates.  The  oil  bath  was 
maintained  at  80°C.  The  separation  between  the  two  electrodes  and  the  pulling 
rate  were  the  same  as  in  the  molten-solder  method.  An  electric  field  of 
16  -  18  kV/cm  was  required  to  pole  the  rods  to  saturation  because  the  poling 
temperature  was  only  80°C. 

*  Lead-Bismuth  eutectic  alloy  from  Indium  Corporation, 
t  Channel  products,  Chesterland,  Ohio,  Model  CPDT  3300. 


I 


APPENDIX  44 


L.J.  Bowen,  T.R.  Shrout,  S.  Venkataramani,  J.V.  Biggers.  Inhomogeneous 
Densification  During  Sintering  of  PZT.  J.  Amer.  Ceram.  Soc.  (submitted) 


1 


Inhomogeneous  Densif ication  During  Sintering  of  PZT  , 

L.J.  Bowen^*,  T.R.  Shrout*,  S.  Venkataramani*  and  J.V.  Biggers* 


Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Abstract 

Densif ication  during  sintering  in  lead  zirconate  titanate  (PZT)  shows 
anomalies  not  predicted  by  conventional  sintering  theory,  e.g.  a  linear 
dependence  of  the  fired  density  on  the  green  density  and  an  influence  of  the 
external  powder  compact  geometry  on  sintered  density.  Microstructural  observa¬ 
tions  of  density  variations  within  partially  sintered  PZT  powder  compacts  in¬ 
dicate  that  densification  during  sintering  takes  place  inhomo geneo us ly. 

Chemical  heterogeneity  arising  from  incomplete  calcining  of  the  oxide  pre¬ 
cursors  PbO,  TiO^,  and  ZrC^  appears  to  be  one  factor  which  adversely  affects 
sintering  uniformity. 

Introduction 

The  elimination  of  porosity  in  electrical  ceramics  is  important  for  close 
control  of  their  bulk  dielectric  properties  (1) ,  especially  for  the  enhancement 
of  dielectric  breakdown  strength  since  most  piezoelectric  ceramics  must  be  sub¬ 
jected  to  high  electric  fields  during  poling.  In  lead  zirconate  titanate  (PZT) 
complete  pore  removal  during  sintering  is  difficult,  and  densities  between  95 

_3 

and  97%  of  theoretical  (7,900  kgm  )  are  usually  attained.  Attempts  to  improve 
the  density  of  ceramics  have  included  hot  pressing  (2)  and  hot  isostatic  pressing 
(3,4).  Kim  and  Hart  (5)  claim  that  niobia-doped  PZT  can  be  pressureless  sintered 
in  oxygen  to  theoretical  density  if  powder  processing  is  adequately  controlled. 

^Now  at  GTE  Labs,  Inc.,  40  Sylvan  Road,  Waltham,  MA  02154. 

*Member,  American  Ceramic  Society. 
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Recently,  other  workers  (6)  have  observed  anomalies  in  the  sintering 
behavior  of  PZT  that  are  not  predicted  by  conventional  sintering  models. 
Specifically,  cold-pressed  PZT  tape  sinters  to  high  density  at  temperatures 
100°C  lower  than  die  pressed  discs  of  comparable  green  density,  and  the  fired 
density  of  the  pressed  tape  is  linearly  dependent  on  its  green  density  over  a 
wide  range  of  sintering  temperatures.  No  difference  that  could  explain  these 
sintering  effects  could  be  established  between  the  physical  characteristics  of 
the  PZT  powders  used  for  tape  casting  or  die  pressing. 

In  the  following,  further  sintering  data  are  presented  which  highlight 
deviations  in  PZT  from  ideal  sintering  behavior.  Shrinkage  and  microstructural 
data  are  not  consistent  with  existing  sintering  models  and  a  tentative  explana¬ 
tion  for  the  anomalous  sintering  behavior  is  offered  in  terms  of  inhomogeneous 
densification.  Possible  origins  of  inhomogeneous  densif ication  in  practical 
powder  compacts  are  reviewed  and  compared  to  observations  in  PZT  sintering. 

Background 

The  development  of  sintering  theory  since  the  pioneering  work  of  Kuczynski 
(7)  in  1949  can  be  approximately  classified  chronologically  as  the  formulation 
of  two-sphere  models  to  describe  densification  processes  atomistically,  acknowl¬ 
edgment  that  two  or  more  of  these  processes  can  be  acting  simultaneously  (8), 
followed  by  the  more  recent  recognition  that  these  models  are  often  only  an 
approximation  to  the  situation  in  actual  powder  compacts.  Despite  this  reali¬ 
zation,  many  researchers  still  apply  theoretical  sintering  models  to  experi¬ 

mental  shrinkage  data  without  taking  into  account  the  practical  limitations  of 
the  models.  Direct  application  of  the  two-sphere  models  requires  a  three  dimen¬ 
sional  array  of  monosized  spheres,  preferably  packed  in  a  simple  cubic  array  so 
that  external  shrinkage  can  readily  be  related  to  the  interpenetration  of  the 
spheres . 

Greskovich  (9)  defines  a  typical  quantitative  diffusional  creep  model  by 
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the  equation: 

AL  =  ^cDyfit^m 

Lo  '  kTr11 

where  AL/Lq  is  the  linear  fractional  shrinkage,  c,  m,  and  n  are  numerical  con¬ 
stants  dependent  on  model  geometry  and  sintering  mechanism;  t,  r,  y,  fi,  D  and 
kT  are  time,  initial  sphere  radius,  surface  energy,  atomic  volume,  self-diffusion 
coefficient  and  thermal  energy,  respectively,  c,  D,  r,  m,  and  n  are  all  functions 
of  model  geometry  and  change  during  sintering,  especially  at  the  closed  porosity 
stage  (approximately  0.90  relative  density).  The  driving  force  for  densifica- 
tion  is  assumed  to  arise  only  from  surface  energy  reduction  due  to  the  uniform 
penetration  of  two  spheres.  No  dependence  of  shrinkage  rate  on  green  density, 
internal  powder  compact  geometry  fluctuations  or  chemical  heterogeneity  can 
be  interpreted  from  equation  (1).  Yet  all  of  these  factors  are  known  (9-16)  to 
influence  densif ication  during  sintering  in  a  practical  powder  compact,  leading 
to  inhomogeneous  densif ication. 

Inhomogeneous  densif icat ion  can  result  in  the  formation  of  pore  concentra¬ 
tions  or  large  closed  pores  for  which  the  shrinkage  driving  force  can  be  very 
low  or  even  negative  (15,17).  The  presence  of  non-dif fusible  gases  within  these 
pores  further  reduces  their  ability  to  shrink  during  sintering  (18,19).  Palmour 
and  colleagues  have  shown  in  a  series  of  publications  (20)  that  controlling  shrink¬ 
age  rates  during  densif ication  can  prevent  early  pore  closure  in  high  density 
regions  within  a  powder  compact,  leading  to  more  uniform  microstructures  with 
finer  grain  size  than  conventional  sintering.  Non-Arrhenian  kinetics  are  claimed 
(21)  for  alumina  sintered  under  rate-controlled  conditions,  at  variance  with  the 
predictions  of  the  two-sphere  models.  Generally,  the  distribution  of  pore  sizes 
in  a  compact  reflects  the  particle  size  distribution  (22)  and  is  therefore 
influenced  by  powder  morphology.  Particle  aggregation  and  agglomeration  in  the 
starting  powders  are  well  known  (23)  to  influence  sintering  behavior  by  locally 
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enhancing  densif ication.  Exner  and  colleagues  (12,13)  have  demonstrated  that 
aggregation  can  be  enhanced  during  sintering  in  two  dimensional  arrays  of 
spherical  particles  and  is  strongly  influenced  by  local  interparticle  coordina¬ 
tion  number  variations. 

Considering  the  interpenetration  of  two  particles  in  contact  under  the 
sintering  driving  force,  the  center  to  center  approach  between  the  particles 
must  influence  and  be  influenced  by  the  surrounding  environment.  Therefore  it 
would  appear  that  inhomogeneous  densif ication  arises  from  local  variations  in 
the  powder  compact  geometry.  In  a  more  general  case,  non-uniform  densif ication 
is  better  represented  in  terms  of  local  variations  in  driving  force,  since 
this  approach  can  take  into  account  both  physical  and  chemical  effects.  Possible 
causes  of  local  fluctuations  in  driving  force  can  include: 

1.  Wide  particle  size  distribution,  since  the  driving  force  for  densifi- 
cation  arises  from  a  chemical  potential  gradient  across  the  neck  between  particles, 
which  is  strongly  influenced  by  neck  geometry. 

2.  "Free"  internal  surface  within  the  powder  compact  due  to  particle  pack¬ 
ing  flaws  introduced  during  processing.  This  internal  surface  can  occur  as 
large  pores  formed  by  bridging  between  agglomerates  (14),  lamellar 

flaws  introduced  during  pressing  or  large  pores  remaining  after  removal  of  an 
inhomogeneously  distributed,  fugitive  binder  phase  during  sintering  (24).  The 
effects  of  a  bimodal  pore  size  distribution  on  densif ication  have  been  described 
by  Onoda  and  Messing  (25)  and  Exner  (12).  Nonspherical  large  pores  introduced 
during  processing  must  tend  to  spheroidize  on  sintering  with  a  possible  increase 
in  volume  if  the  pore  surface  area  remains  approximately  constant. 

3.  Heterogeneous  particle  coordination  number  distribution  (N) .  To  obtain 
an  estimate  of  the  magnitude  of  this  effect  on  densif ication,  consider  regions 


of  hexagonal  close  packing  (N=12)  and  simple  cubic  packing(N=6)  of  monosized 
spheres,  each  forming  unit  area  of  "free"  surface  in  an  array.  From  simple 
geometrical  calculations,  assuming  equal  compressive  stress  during  sintering 
at  each  interparticle  contact,  the  total  stress  normal  to  the  area  of  surface 
is  three  times  greater  for  the  hexagonal  close  packed  array  compared  to  simple 
cubic  packing.  Note  that  in  random  packing  of  uniform  spheres  extreme  coordination 
numbers  ranging  from  1  to  as  high  as  13.4  (26)  can  be  encountered.  This  effect  is 
further  exaggerated  by  particle  size  distribution  but  is  an  effect  present  in 
almost  all  ceramics. 

4.  Chemical  inhomogeneity  arising  from  incomplete  calcining  prior  to 
sintering  can  enhance  local  sintering  driving  forces  by  a  reactive  sintering 
mechanism.  Chaklader  (27)  has  observed  that  enhanced  densif ication  occurs  in 
powder  systems  which  undergo  chemical  reaction  or  phase  transformation  during 
sintering  or  hot  pressing.  The  enhanced  sinterability  may  arise  from  the  for¬ 
mation  and  reactivity  of  freshly  formed,  extremely  fine  crystallites  or  from 
enhancement  of  the  surface  energy  driving  force  by  chemical  free  energy  (28). 
Paulus  (29)  notes  that  chemical  reactivity  and  homogeneity  have  a  pronounced 
effect  on  sintering  in  ferrites  where  shrinkage  behavior  is  further  complicated 
by  the  formation  of  Kirkendall  porosity  during  multicomponent  sintering. 

In  summary,  it  is  to  be  expected  that  shrinkage  can  occur  away  from 
regions  of  low  coordination  number  and  free  internal  surface,  just  as  shrinkage 
occurs  away  from  the  external  surface  of  a  powder  compact.  As  a  corollary, 
the  median  pore  size  in  an  inhomogeneous ly  densifying  powder  compact  need  not 
decrease  until  all  the  fine  porosity  has  been  eliminated  and  particle  rearrange¬ 
ment  has  ceased,  or  unless  a  large  external  driving  force,  e.g.  pressure,  is 
available.  Increases  in  the  median  port  size  during  sintering  have  been 
demonstrated  in  several  systems  (10-13,30-32). 

Experimental 

Microstructural  details  of  the  P7.T  powders  and  the  tape  casting  and  post 
casting  pressing  procedures  have  been  published  elsewhere  (6).  The  PZT  powder 
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used  for  most  of  the  experimental  work  was  a  commercial  "morphotropic  phase 

boundary"  composition  designated  401  by  the  manufacturer*,  in  which  the  prin- 

3+ 

cipal  dopant  was  Fe  .  This  was  ball  milled  with  a  surface  active  organic 
binder**  for  48  hours  to  disperse  the  powder  and  prevent  flocculation  during 
tape  casting.  Particle  size  and  surface  area  measurements  on  as-received  PZT 
powder  and  powder  used  for  tape  casting  have  shown  that  the  additional  ball 
milling  step  has  little  influence  on  morphology  (6).  Isothermal  sintering  was 
achieved  by  placing  the  specimens  in  a  preheated  furnace  and  air  quenching 
after  the  specified  time.  The  sintering  atmosphere  was  maintained  lead  oxide 
rich  using  lead  zirconate  powder.  PZT  tapes  used  for  obtaining  green  density/ 
fired  density  data  were  heated  to  the  sintering  temperature  at  200°C/hour  and 
were  therefore  not  fired  under  ideal  isothermal  conditions,  especially  for 
the  higher  temperatures. 

Polished  sections  for  microstructural  work  were  difficult  to  prepare  be¬ 
cause  of  the  tendency  in  PZT  for  grain  pullouts  during  polishing.  This  problem 
was  avoided  by  vacuum  impregnating  the  specimens  with  liquid  epoxy  resin,  grind¬ 
ing  with  fixed  abrasives  to  <40  pm  silicon  carbide,  and  polishing  for  twelve 
hours  with  1  pm  diamond  on  a  hard  paper  lap. 

Results  and  Discussion 

Figure  1  is  a  plot  of  green  relative  density  versus  fired  relative  density 
for  cold  pressed  and  sintered  PZT  cast  tape.  Sintering  data  have  been  obtained 
at  four  firing  temperatures  over  the  range  1220  to  1325°C  with  soak  times  at 
temperature  of  1.5  hours.  Except  for  the  1325°C  data,  for  which  the  slope  of 
the  graph  is  comparable  to  the  scatter  in  the  data,  a  linear  relationship  is 

*Ultrasonic  Powders,  Inc.,  South  Plainfield,  NJ  07080. 

**Cladan  Binder  B62,  Cladan  Inc.,  San  Diego,  CA. 
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evident.  The  straight  lines  have  been  fitted  to  the  data  by  least  squares. 

Apart  from  the  linearity  of  the  fired  density/green  density  plot,  a 
further  interesting  feature  of  Figure  1  is  the  tendency  of  the  data  to  con¬ 
verge  at  a  fired  density  maximum  of  96%  theoretical  density.  This  convergence 
is  not  in  itself  particularly  remarkable  since  the  densif ication  rate  for  a 
sintering  process  normally  decreases  with  increasing  relative  density.  How¬ 
ever,  the  maximum  attainable  relative  density  of  0.96  suggests  that  this  repre¬ 
sents  a  sintered  density  limit  for  PZT,  regardless  of  the  green  density  and 
sintering  temperaure.  Other  sintering  work  is  in  agreement  with  this  observa¬ 
tion  (4,5). 

The  existence  of  a  sintered  density  limit  implies  that  a  change  in  sin¬ 
tering  geometry,  e.g.  discontinuous  grain  growth,  is  preventing  the  attainment 
of  theoretical  density  by  hindering  the  elimination  of  closed  porosity.  In 
Figure  2  the  grain  size  distribution  for  the  as-received  PZT  powder  is  compared 
with  the  distribution  for  tape  cast  material  sintered  at  the  extreme  conditions 
of  1325°C  for  1.5  hours.  Grain  size  distributions  were  obtained  by  quantita¬ 
tive  SEM  (33)  on  freeze-dried,  dispersed  powder  specimens  and  random,  polished, 
etched  sections  of  sintered  specimens.  The  average  grain  size  has  increased 
from  4  to  6  in  on  sintering  while  maintaining  a  narrow  size  distribution. 
Observations  of  pores  trapped  within  grains  by  grain  growth  are  rare;  thus, 
discontinuous  grain  growth  is  probably  not  responsible  for  the  observed  end 
point  density  in  PZT. 

An  alternative  possibility  is  the  formation  of  gross  porosity  due  to 
inhomogeneous  densif ication  during  sintering,  for  which  several  possible  mecha¬ 
nisms  have  already  been  described.  Fired  density/green  density  linearity  has 
been  observed  elsewhere  (24,34,35)  and  attributed  to  inhomogeneous  densification. 
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Onoda  (24)  has  attempted  to  explain  this  linearity  by  postulating  the  exist¬ 
ence  of  a  bimodal  particle  and  pore  size  distribution  within  the  powder  compact. 
During  sintering  the  compact  shrinks  by  elimination  of  the  fine  porosity  giving 
rise  to  the  relationship: 


Msf 

P  = -  P 

sc  pgf  V 


where  p  is  density  and  subscripts  f,  c,  g,  and  s  denote  fines,  compact,  green 
density,  and  sintered  density,  respectively.  Unfortunately,  Onoda’s  derivation 
requires  that  the  large  pores  shrink  as  the  fine  ones  are  eliminated  because 
the  compact  shrinks  as  a  whole.  This  is  the  case  for  a  purely  parallel  connected 
pore  model,  but  in  practice  some  series  connectivity  exists.  Therefore,  the 
median  coarse  pore  diameter  can  remain  constant,  or  even  increase,  and  yet 
allow  a  net  shrinkage  of  the  body.  This  phenomenon  has  been  observed  in  several 
sintering  systems  (10-13,  30-32).  However,  the  present  authors  would  agree 
with  Onoda  in  that  green  density/ fired  density  linearity  is  probably  associated 
with  non-ideal  pore  elimination  during  sintering. 

Previous  data  (6)  indicated  that  tape  cast  and  pressed  PZT  sinters  more 
readily  under  a  given  set  of  conditions  than  identical  cold  pressed  powder. 

To  demonstrate  that  powder  processing  was  not  responsible  for  these  observed 
differences  in  sintering  rate,  identical  PZT  specimens  were  prepared  by  either 
cold  pressing  powder  or  tape  casting  and  fired  for  various  times  at  1150°C. 

At  this  temperature  densif ication  was  sufficiently  slow  that  isothermal  con¬ 
ditions  were  readily  attained.  Density/time  curves,  shown  in  Figure  3,  were 
very  similar  for  both  types  of  specimen  up  to  83%  of  theoretical  density,  the 
maximum  attained  in  4  hours  at  this  temperature,  indicating  a  similar  shrinkage 
mechanism,  little  influenced  by  differences  in  processing  conditions. 
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Since  tape  casting  inherently  produces  specimens  thinner  than  cold 
pressed  discs,  the  possibility  exists  that  external  specimen  geometry  may 
influence  the  sintering  behavior.  Accordingly,  discs  of  from  one  to  ten  layers 
of  PZT  cast  tape  were  warm-pressed  together  at  50°C  using  sufficient  pressure 
to  provide  a  firm  bond  and  obtain  the  same  green  density,  and  fired  at  1200°C 
for  times  ranging  from  1/2  to  3  hours.  The  results,  shown  in  Figure  4,  indi¬ 
cate  a  consistent  trend  towards  reduced  shrinkage  (measured  radially  for  greater 
accuracy)  for  the  thicker  tape  specimens.  Conventional  sintering  models  do  not 
predict  this  dependence  of  shrinkage  on  specimen  geometry,  and  again  the  impli¬ 
cation  is  that  sintering  in  this  system  is  non- ideal.  In  an  inhomogeneously 
densifying  system  it  is  possible  that  early  pore  closure  can  attenuate  shrinkage 
owing  to  the  presence  of  non-dif fusible  gases  within  pores  (18,19).  When  the 
specimens  are  very  thin,  as  in  the  case  of  cast  tapes,  most  of  the  porosity  may 
remain  open  to  the  surface,  even  at  a  late  stage  in  densif ication.  Wiens  and 
Cahn  (22)  and  Kingery  et  al.  (36)  report  that  the  behavior  of  voids  during  sin¬ 
tering  can  be  influenced  by  their  proximity  to  the  exterior  surface.  Thus,  if 
non-uniform  densif ication  occurs  in  a  sintering  system,  the  external  specimen 
geometry  might  be  expected  to  exert  some  influence  on  shrinkage  behavior. 

Microstructural  evidence  for  the  occurrence  of  inhomogeneous  densif ication 
during  sintering  of  PZT  cast  tape  is  presented  in  Figures  5  and  6,  which  are 
scanning  electron  micrographs  of  polished  sections  through  single  layers  of 
tape  fired  at  1200°C  to  0.80-0.90  relative  density.  (In  all  cases  the  porous 
regions  are  filled  with  epoxy  resin  introduced  before  polishing  by  vacuum 
impregnation,  and  accurately  represent  the  pore  structure  in  the  original  micro¬ 
structure.)  Figure  3  demonstrates  that  a  porosity  gradient  exists  across  the 
fired  tape  thickness.  This  is  probably  associated  with  segregation  of  PZT  and 
liquid  organic  binder  during  drying.  In  the  higher  density  regions  inhomogeneous 
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densification  is  sho-^n  in  relation  to  the  average  grain  size,  which  is  around 
4  pm  and  has  a  narrow  distribution,  consistent  with  the  data  in  Figure  2.  The 
high  density  regions  within  these  specimens  are  on  the  order  of  ten  grain 
diameters  across  and  are  usually  associated  with  a  large  single  pore  or  group 
of  pores  which  are  somewhat  larger  than  the  average  grain  size. 

Although  the  experimental  data  suggest  that  sintering  takes  place  inhomo- 
geneously  in  PZT,  the  actual  origin  of  inhomogeneous  densification  is  not 
clear.  Particle  size  distribution  effects  should  not  be  a  major  factor  influen¬ 
cing  densification  homogeneity,  since  the  size  distribution  is  narrow  in  both 
the  starting  powder  and  the  sintered  product  and  little  discontinuous  grain 
growth  has  occurred.  Processing  flaws  are  also  unlikely  to  be  of  importance. 

The  tape  casting  fabrication  approach  minimizes  agglomeration  because  the  powder 
is  well  dispersed  in  a  surface-active,  liquid  organic  binder  which  also  acts 
as  a  lubricant  during  subsequent  pressing  operations. 

The  possiblity  remains  that  chemical  inhomogeneity  can  affect  sintering 
in  PZT.  To  investigate  its  effects,  reagent  grade  component  oxides  PbO,  ZrC^,  and 
Ti(>2  were  mixed  as  described  elsewhere  (37)  in  a  composition  equivalent  to 
PbZr^  ^Ti^  4°3*  Part  of  the  mixture  was  calcined  twice  (with  an  intermediate 
comminution  step)  to  complete  reaction  (determined  by  x-ray  analysis),  ball- 
milled,  cold-pressed  without  binder  and  sintered  at  various  temperatures  in  the 
range  1000-1300°C.  The  specimens  were  heated  at  200°C  per  hour  and  removed 
from  the  furnace  immediately  upon  reaching  the  desired  temperature.  The  remainder 
of  the  oxide  mixture  was  processed  under  identical  conditions  but  without  the 
calcining  operation.  After  impregnation  with  epoxy  resin  the  specimens  were 
carefully  polished  so  as  to  preserve  their  pore  structure. 

Figure  7  shows  the  microstructures  of  the  uncalcined  specimens  sintered  at  1000, 
1100,  and  1300°C.  At  1000°C  inhomogeneous  densification  is  very  prominent. 
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Although  the  average  grain  size  is  around  1  pm  diameter,  large  aggre¬ 
gates  up  to  10  pm  across  have  formed  (Figure  7a)  and  are  themselves  showing 
signs  of  inhomogeneous  sintering  (Figure  7b).  Large  pores  'o  20-30  pm  across 
are  present  between  the  aggregates.  By  this  sintering  temperature  chemical 
reaction  to  form  PZT  should  already  be  completed,  according  to  x-ray  analysis 
(37) .  At  temperatures  between  1000  and  1100°C  grain  growth  occurs  within  the 
aggregates  forming  crystallites  approximately  5  pm  in  diameter.  Higher  sinter¬ 
ing  temperatures  up  to  1300°C  lead  to  little  further  inhomogeneous  sintering 
or  grain  growth.  In  the  control  specimens  calcined  prior  to  sintering,  no 
aggregation  or  inhomogeneous  sintering  is  observable  even  after  one  hour  at 
1300°C  (Figure  8). 

The  implication  is  that  chemical  inhomogeneity  arising  from  incomplete 
calcining  can  influence  sintering  in  PZT  and  may  cause  inhomogeneous  sintering. 

This  does  not  preclude  the  possiblity  that  other  deleterious  factors,  e.g. 
powder  agglomeration,  may  be  present.  Further  work  on  the  interaction  between 
chemical  heterogeneity  and  sintering  in  PZT  is  necessary  to  resolve  this  ques¬ 
tion.  Elimination  of  inhomogeneous  densif ication  in  PZT  may  permit  lower 
sintering  temperatures  and  avoid  end  point  densities. 

Conclusions 

Microstructural  data  indicate  that  densif ication  during  sintering  in 
pressed,  tape  cast  PZT  occurs  inhomogeneously .  Characteristics  of  inhomogeneous 
sintering  include  a  linear  dependence  of  fired  density  on  green  density  and 
some  influence  from  external  specimen  geometry  on  shrinkage  during  sintering. 
Neither  of  these  effects  is  predicted  by  existing  sintering  theory. 

Inhomogeneous  sintering  can  be  a  consequence  of  local  geometry  varia¬ 
tions  or  chemical  heterogeneity  in  powder  compacts, both  of  which  can  lead  to 
driving  force  imbalance  between  sintering  particles.  In  PZT,  chemical  inhomogeneity 
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arising  from  incomplete  calcining  has  been  shown  to  be  one  factor  hindering 
uniform  densif ication  during  sintering. 
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Figure  Captions 


Fig.  1  Influence  of  green  density  on  fired  density  showing  an  approximately 
linear  relationship  over  a  wide  range  of  firing  temperatures. 

Fig.  2  Particle  size  distributions  for  (a)  as-received  and  (b)  sintered  com¬ 
mercial  PZT. 

Fig.  3  Densif ication  curves  for  die  pressed  and  pressed  tape  cast  PZT  iso- 
thermally  sintered  at  1150°C. 

Fig.  4  Influence  of  specimen  thickness  on  shrinkage  for  pressed  PZT  tape 
isothermally  sintered  at  1200°C. 

Fig.  5  Scanning  electron  micrographs  of  partially  sintered  PZT  cast  tape  show¬ 
ing  inhomogeneous  sintering  and  the  porosity  gradient  arising  from  PZT/ 
binder  segregation  during  drying. 

Fig.  6  Inhomogeneous  densif ication  in  PZT  cast  tape  sintered  at  1200°C. 

Fig.  7  Microstructures  of  sintered,  uncalcined  PbZrQ  &TiQ  specimens  heated 

at  200°C  per  hour  to  (a)  1000aC,  (b)  1000°C,  (c)  1100°C,  (d)  1300°C. 

Fig.  8  (a)  Uncalcined;  (b)  calcined  PZT  sintered  by  heating  at  200°C  per  hour 

to  1100°C  (magnification  400X) . 
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ABSTRACT 

Composite  piezoelectric  transducers  have  been  constructed  by 
partially  dicing  PZT  ceramics  and  back-filling  with  epoxy.  Piezo¬ 
electric  properties  are  compared  with  solid  PZT  and  with  3-1 
composites  made  by  extrusion. 
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Introduction 


For  the  past  twenty-five  years  piezoelectric  transducers  have  been  made 

from  poled  PZT  ceramics  with  compositions  near  PbZrg  Tig  ,.0^.  many  ways 

PZT  is  superior  to  other  piezoelectrics,  but  the  hydrostatic  piezoelectric 

coefficient  (d  =  +  2d  ,)  is  too  small  and  the  dielectric  constant  is  too 

n  j->  Ji 

large.  These  problems  can  be  largely  eliminated  by  combining  PZT  and  polymers 
in  composites  with  3-1  connectivity  (1-4) .  The  composites  consist  of  thin  PZT 
fibers  embedded  in  a  polymer  matrix  with  the  fibers  oriented  perpendicular 
to  the  transducer  electrodes  and  extending  from  electrode  to  electrode.  The 
fibers  are  made  by  extrusion  of  PZT  slip  followed  by  drying,  firing,  and  hot 
isostatic  pressing.  After  aligning  the  sintered  rods  in  the  metal  rack,  they 
are  placed  in  a  cup,  covered  with  epoxy  or  polyurethane,  and  then  poled.  The 
process  is  rather  delicate  and  time  consuming  because  of  the  necessity  of  hand¬ 
ling  large  numbers  of  fragile  ceramic  fibers.  In  this  paper  we  describe  an 
alternative  processing  method  in  which  solid  PZT  disks  are  diced  with  a  diamond 
saw  and  then  back-filled  with  epoxy. 

Composite  Fabricat i on 

Ceramic  disks  of  PZT  501A*  were  prepared  by  conventional  powder  processing 
methods  (5)  and  sintered  to  a  density  of  7.9  g/cm  .  Using  Crystal  Bond  epoxy. 


the  ceramic  disk  was  cemented  to  an  aluminum  block  and  mounted  on  a  high-speed 
saw.  Diamond-impregnated  saw  blades  ranging  in  widtli  from  0.3  to  1.1  mm  were 
used  in  slicing  the  ceramic.  Parallel  cuts  about  1  cm  deep  were  made  in  ceramic, 
leaving  a  2  mm  solid  base  for  support.  The  PZT  was  then  removed  from  aluminum 
block  and  cleaned  ul t rasonically  to  remove  residual  particles  from  the  cut 
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surfaces.  After  drying,  the  parallel  cuts  were  filled  with  Spurrs*  low 
viscosity  embedding  medium.  This  is  a  clear  hard  epoxy  which  is  easily  machined 
after  curing. 

After  grinding  off  the  excess  epoxy,  the  composite  was  remounted  on  the 
diamond  saw  and  a  second  series  of  parallel  cuts  were  made  at  90°  to  the  first 
set,  again  leaving  a  solid  2  mm  base.  The  cuts  were  cleaned  and  filled  with 
epoxy  and  then  sliced  into  two  4  mm  disks,  discarding  the  solid  base.  Figure  1 
shows  the  3-1  PZT/epoxy  transducer  prior  to  electroding.  A  number  of  such 
composites  were  prepared  with  different  pillar  diameters  and  separations. 

After  trimming  and  polishing,  the  composites  were  electroded  with  air-dry 
silver  paint  and  then  poled  for  five  minutes  in  a  75°C  oil  bath  with  an  elec¬ 
tric  field  of  22  kV/cm.  A  Berlincourt  d_„-meter  was  used  to  assess  the  degree 

33 

of  poling. 

Piezoelectric  Properties 

The  piezoelectric  and  dielectric  properties  of  the  composites  were  mea¬ 
sured  using  the  same  testing  procedures  used  previously  on  piezoelectric  com¬ 
posites.  To  determine  the  dielectric  constant,  capacitance  measurements  were 
made  at  1  KHz  using  a  Hewlett  Packard  4270A  capacitance  bridge.  The  experimental 
values  followed  the  mixing  rule  for  parallel  connection 

K  =  ivlK  +  2v2K 

12  12 
where  K  and  K  are  the  dielectric  constants  of  PZT  and  polymer,  and  v  and  v 

are  the  respective  volume  fractions.  Numerically,  K  ranged  from  about  200  for 

a  sample  containing  15  volume  percent  PZT  to  1000  for  one  containing  70%  PZT. 

The  longitudinal  piezoelectric  coefficient  d  ^  was  measured  with  the 
Berlincourt  d^-meter.  An  average  was  taken  from  ten  different  readings  since 
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the  values  depend  on  how  the  force  head  is  positioned  with  respect  to  the  PZT 

pillars.  As  shown  in  Figure  2,  the  d^  coefficients  of  the  composites  are 

1 2 

comparable  to  that  of  solid  PZT  501  (about  400  x  10  C/N)  because  of  the 

stress  transfer  from  polymer  to  PZT.  For  a  given  volume  fraction  PZT,  d  is 

largest  for  the  thinnest  ceramic  pillars  where  stress  transfer  is  best. 

The  hydrostatic  piezoelectric  coefficient  d,  was  measured  under  near- 

h 

static  conditions.  Oil  pressure  within  the  test  cell  was  changed  at  a  rate 

2 

of  50  psi/sec  (35  kN/m  -sec),  and  the  resulting  piezoelectric  charge  collected 
with  a  Keithley  616  Digital  Electrometer.  Hydrostatic  piezoelectric  coef¬ 
ficients  for  the  3-1  composites  (Figure  3)  compare  favorably  with  solid  PZT 
-12 

(about  50  x  10  C/N)  and  with  composites  of  similar  dimensions  prepared  from 
extruded  PZT  rods  (5).  Composites  with  the  thinnest  pillars  have  the  largest  d^ 
coefficients.  Unfortunately  it  is  difficult  to  produce  extremely  thin  pillars 
by  conventional  sawing  methods. 

The  piezoelectric  voltage  coefficients  of  the  composites  are  extremely 
good  because  of  their  relatively  low  dielectric  constants.  Diced  and  back¬ 
filled  composites  are  also  of  interest  as  longitudinal  acoustic  wave  generators. 
By  decoupling  the  PZT  elements  with  polymer,  it  is  possible  to  suppress  the 
radial  vibration  mode  without  appreciably  affecting  the  longitudinal  mode. 


A  c k nowled g m  e n t  s 

This  work  was  sponsored  by  the  Office  of  Naval  Research  under  Contract 
No.  N00014-78-C-0291.  We  wish  to  thank  Prof.  L.  E.  Cross,  Dr.  W.  A.  Schulze 


and  Dr.  J.  V.  Riggers  for  several  useful  discussions. 


4 


References 

^  R.  E.  Newnham,  D.  P.  Skinner,  and  L.  E.  Cross.  Connectivity  and  Piezoelectric- 
Pyroelectric  Composites.  Mat.  Res.  Bull.  13  525-536  (1978). 

2 

R.  E.  Newnham,  D.  P.  Skinner,  K.  A.  Klicker,  A.  S.  Bhalla,  B.  Hardiman  and 
T.  R.  Gururaja.  Ferroelectric  Ceramic-Plastic  Composites  for  Piezoelectric 
and  Pyroelectric  Applications.  Ferroelectrics  27  49-55  (1980). 

3 

K.  A.  Klicker.  Piezoelectric  Composites  with  3-1  Connectivity  for  Transducer 
Applications.  Ph.D.  Thesis,  Pennsylvania  State  University,  1980. 

4 

K.  A.  Klicker,  J.  V.  Biggers  and  R.  E.  Newnham.  Composites  of  PZT  and  Epoxy 
for  Hydrostatic  Transducer  Applications.  J.  Amer.  Ceram.  Soc.  (in  press). 

K.  A.  Klicker.  Control  of  PbO  Partial  Pressure  During  the  Sintering  of  PZT 
Ceramics.  M.  S.  Thesis,  Pennsylvania  State  University,  1979. 


Fig.  1.  PZT-epoxy  composites  with  3-1  connectivity  prepared  by  dicing  solid 
ceramics  and  backfilling  with  polymer.  The  width  of  the  compo¬ 
site  transducers  is  approximately  1  cm,  and  the  thickness  about  A  mm. 

Fig.  2.  Piezoelectric  coefficients  and  d^  plotted  as  function  of  volume 

fraction  PZT  for  five  different  pillar  widths. 

Fig.  3.  Hydrostatic  piezoelectric  coefficient  d^  plotted  as  a  function  of 

volume  fraction  PZT  for  five  different  pillar  widths.  The  smallest 
pillars  (7A5  pm)  were  made  by  extrusion  rather  than  dicing. 
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Figure  3 
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ABSTRACT 

Composites  with  3-1  connectivity  for  transducer  applications  have  been 
made  by  embedding  extruded  PZT  rods  in  an  epoxy  matrix.  The  effect  of  rod 
diameter,  volume  fraction  of  PZT,  and  composite  thickness  on  the  hydrostatic 
properties  of  the  composites  was  determined.  Due  to  decoupling  of  the  d^ 
and  d3i  coefficients  in  a  composite  with  3-1  connectivity,  the  d^  may  be 
enhanced  even  in  composites  of  low  volume  fractions  of  PZT.  Composites  with 
low  volume  fractions  of  PZT  also  have  a  low  dielectric  permittivity.  The 
combination  of  high  values  and  low  value  results  in  a  greatly  enhanced 
g^.  Composites  with  10  volume  %  PZT  have  been  made  with  values  of  dh  and  gh 

1  O 

which  are  respectively  two  times  (>80  x  10  C/N)  and  twenty-five  times  ( >70  x 
10-3  ^jp-)  the  solid  PZT  values. 
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Introduction 

Lead  Zirconate  titanate  solid  solutions  (PZT)  are  currently  used  in  many 
transducer  applications.  They  have,  however,  limited  utility  in  transducers 
used  under  hydrostatic  conditions  because  their  low  hydrostatic  piezoelectric 
coefficients  (d^)  and  voltage  coefficient  (gh).  The  low  coefficients  are  a 
result  of  the  coupling  of  the  d33  and  d31  coefficients.  Specifically 

dh  =  d33  +  2d31 

In  PZT's  d33  is  about  twice  the  magnitude  and  of  opposite  sign  of  d31 
resulting  in  a  very  low  value  of  d^.  The  voltage  coefficient  (g^)  is  related 


and  is  also  low  because  of  the  low  d^  and  high  permittivity  (£33)  of  PZT. 

It  is  possible  that  a  properly  designed  composite  material  of  PZT  and  a 
polymer  phase  might  decouple  d33  and  d31  and  lower  the  permittivity  resulting 
in  improved  values  of  d^  and  g^.  In  this  paper  we  will  describe  a  technique 
of  producing  composites  of  extruded  and  fired  PZT  rods  embedded  in  a  compliant 
polymer  matrix. 

Composites  have  been  made  using  PZT  particles  bound  in  a  matrix  of 
silicon  rubber.1  These  composites  were  not  only  flexible,  but  also  exhibited 
good  sensitivity  to  low  frequency  sound.  Density  of  the  composites 
varied  from  6.2  -  3.9  g/cc  depending  on  percent  silicon  rubber  in  the  compo¬ 
site  and  the  density  of  the  PZT  particles.  Composites  of  polymer  and  PZT 
have  also  been  prepared  by  use  of  the'replamine  technique?2  Using  coral  as 
a  template,  composites  in  which  both  the  PZT  and  the  polymer  are  three  di¬ 
mensionally  connected  have  been  made.  These  transducers  also  have  low  density 
and  good  sensitivity. 


2 


The  properties  of  a  composite  are  influenced  by  the  connectivity3  of  the 
components  of  the  composite.  Connectivity  is  defined  as  the  number  of  dimen¬ 
sions  in  which  each  phase  is  continuous.  In  the  composite  made  by  the  repli-' 
mine  technique,  for  example,  both  the  polymer  and  the  PZT  are  continuous  in 
all  three  dimensions  and  therefore  the  composite  has  3-3  connectivity.  A 
composite  with  3-1  connectivity  is  shown  in  Figure  1.  A  theory  for  piezo¬ 
electric  response  has  been  developed^ for  composites  of  3-1  connectivity  in 
which  rods  of  PZT  (phase  1)  are  embedded  in  a  three  dimensionally  continuous 
polymer.  The  PZT  rods  are  poled  along  their  length  and  therefore  the  3 
direction  of  the  composite,  as  shown  by  Figure  1,  is  along  the  direction  in 
which  the  rods  are  aligned.  The  theoretical  equations  for  a  composite  with 


3-1  connectivity  are  as  follows: 

=  1v1d332s33  +  2v2d331s33 

a33  - 1-2 - — Z~I - 

V  S33  +  v  s33 


d3!  =  ^^31  +  2v2d31 


(2) 


e33  =  lvlC33  "P2V2e  3  3 


(3) 


where  *v,  1d33,  *g33  and  ^33  are  respectively  the  volume  fraction, 

piezoelectric  coefficients,  elastic  compliance  and  permittivity  of  phase  one. 
The  average  coefficients  for  the  composite  are  d33,  d31  and  c33. 

If  the  following  conditions  are  assumed: 

1 v  =  2v  =  0.5 

1(^33  >>  2^33 
*s33  <<:  2s33 
le33  >:>  2^33 

the  theoretical  results  are: 
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d 3 3  ~  1(^33  (4) 

d31  -  0.5Jd31  (5) 

e33  =  0. 5]c33  (6) 

The  piezoelectric  response  to  hydrostatic  pressure  (d^)  is  defined  as 

d^  =  d33  +  2d31  (7) 

The  coefficient  for  solid  PZT  is  small  because  d33  =  -2d3].  If  however  a 


reduction  in  3^  is  accompanied  by  either  a  smaller  reduction  in  d^  or  no 

reduction  at  all,  then  the  value  of  d^  will  be  greater  than  that  for  solid  PZT. 

Substitution  of  equations  (4)  and  (5)  into  equation  (7)  will  have  the  result  of 

dh  =  d33  +  2d31  =  id33  +  2(0.5Jd31)  (8) 

This  theoretical  value  of  d^  for  the  composite  of  50  vol  %  PZT  is  greater  than 
the  d^  of  solid  PZT.  Re-examination  of  equations  (1),  (2)  and  (7)  shows  that 
as  the  volume  fraction  of  PZT  is  reduced  from  the  value  of  0.5  used  above,  d33 
is  constant  but  d31  will  be  further  reduced  and  d^  will  become  even  greater. 

Another  piezoelectric  coefficient  of  interest  is  the  hydrostatic  voltage 
coefficient  (g^)  which  is  defined  as 

d, 

g  =  -  (9) 

h  £33 

If  the  permittivity  of  phase  one  is  much  larger  than  the  permittivity  of 
phase  two,  equation  (3)  may  be  written  as 

^33  ■  'CJS'V  00) 

If  the  conditions  assumed  above  are  used  equation  (10)  becomes  . 

£33  =  0.5(e33)  (11 ) 

The  theoretical  value  of  dh  for  a  composite  of  50  vol  ~  has  been  shown 
to  be  greater  than  dh  of  solid  PZT  (Equation  8)  and  e33  is  one  half  of  e33 
(Equation  11).  From  equation  (9),  gh  will  be  much  larger  than  gh  for  solid  PZT. 


According  to  the  theory,  is  not  a  function  of  volume  %  PZT 
because  the  rods  bear  all  the  load  in  the  3  direction.  If  this  is  not 
strictly  true,  d33  will  also  be  a  function  of  volume  %  PZT.  Figure  2 
illustrates  the  theoretical  behavior  of  dh  as  a  function  of  volume  %  PZT. 

Also  shown  is  the  behavior  in  a  general  case  v/here  d-^  is  a  function  of 
volume  %  PZT  but  to  a  lesser  degree  than  d^and  the  case  where  both  d^ 
and  d.^  are  strictly  a  function  of  volume  %  PZT. 

2.  Procedure 

Ninety  weight  percent  PZT  50lA*was  mixed  by  hand  in  a  plastic  jar  with 
a  solution  of  20  weight  percent  PVA  and  80  weight  percent  water.  After  mixing 
the  jar  was  tightly  capped  and  put  onto  a  ball  mill  rack  and  allowed  to  spin 
for  16  hours.  The  spinning  helped  to  homogenize  the  batch.  Further  homogeni¬ 
zation  is  done  by  extruding  the  batch  through  a  1  mm  die  several  times. 

PZT  rods  are  then  extruded  onto  a  moving  glass  plate.  The  rods  are  dried 
on  the  glass  plates  for  ten  hours  at  120°C.  Dried  rods  are  cut  into  3  cm 
lengths,  laid  on  a  platinum  sheet  and  the  binder  is  burned  out  at  550°C  for 
1/2  hour.  Sintering  takes  place  in  a  sealed  alumina  crucible  at  1300°C  for 
one  half  hour.  A  PbO  vapor  source  of  composition  97  mole  %  501A  and  3  mole 
%  PbO  is  included  in  the  crucible.5 

In  the  larger  extruded  rods,  porosity  exists  probably  due  to  the 
multiple  extrusions  carried  out  to  homogenize  the  batch  before  the  final 
extrusion.  To  reduce  this  porosity,  all  sintered  rods  were  re-fired  in  a 
hot  isostatic  press  (HIP)6  for  one  hour  at  1300°C  under  a  pressure  of  two 
hundred  atmospheres  of  argon.  Use  of  the  HIP  increasesthe  average  density 


♦Ultrasonics  Powders,  Inc.,  South  Plainfield,  NJ  (PZT  501A). 
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of  the  rods  from  7.45  to  7.7  -  7.8  gm/cc.  Finished  rods  of  diameters  840, 

600,  400,  and  254  ym  were  made. 

A  fixture  consisting  of  two  brass  discs  in  which  an  array  of  holes  is 
drilled  is  used  to  align  the  rods.  Several  were  made  for  each  of  the  rod 
sizes  so  that  composites  of  50,  40,  30,  20  and  10  volume  %  PZT  could  be  made. 
The  polymer  used  in  this  work  was  an  epoxy.*  Once  a  rack  had  been  filled 
with  rods,  the  rack  was  placed  in  a  plastic  tube  with  two  closed  ends.  The 
tube  had  a  slot  cut  into  one  side  so  that  the  epoxy  could  be  poured  around 
the  rods.  To  assure  that  complete  investment  of  the  rods  by  the  epoxy  would 
not  be  hindered  by  air  bubbles  trapped  between  the  rods,  an  apparatus  was  used 
which  placed  the  plastic  tube  and  its  contents  under  vacuum  while  the  epoxy 
was  poured  into  the  plastic  tube.  The  epoxy  was  cured  at  70°C  for  sixteen 
hours.  Parts  of  thickness  1,  2,  3  and  4  mm  were  cut  from  the  slug  with  a 
diamond  saw.  Some  of  these  parts  are  seen  in  Figure  3.  The  excess  epoxy 
around  the  composite  was  cut  off  so  that  only  the  composite  volume  remained. 

Air  dry  silver  electrodes  were  applied  and  the  parts  were  poled  in  a 
75°C  oil  bath  with  a  field  of  22  kv/cm  for  five  minutes.  Permittivity  was 
measured  at  1  KHZ.  d33  was  measured  with  a  d33  meter  using  the  two  rounded 
rams.  The  hydrostatic  piezoelectric  coefficient  (dh)  was  measured  by  changing 
pressure  in  an  oil  chamber  at  the  rate  of  500  psi/sec  and  collecting  the 
charge  with  an  electrometer  in  the  feedback  integration  mode  which  maintains 
nearly  zero  sample  potential.  Because  of  the  possible  influence  of 
irreversible  polarization  and  current  effects,  the  values  recorded  are  from 
many  runs  utilizing  both  increasing  and  decreasing  pressure. 

*Ernest  F.  Fullum,  Inc.,  Schenectady,  NY  No.  5135 
**Channel  Products,  Chesterland,  Ohio,  Model  CPDT  3300. 
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3.  Results  and  Discussion 

According  to  the  theory  already  described,  d_33  would  not  be  a  function 
of  the  volume  fraction  of  PZT  in  the  composite.  This  assumes  an  ideal  situa¬ 
tion  in  which  the  polymer  phase  is  much  more  compliant  than  the  PZT  and  that  all 
the  stress  on  the  polymer  phase  is  transferred  to  the  PZT.  That  is,  as  the 
volume  %  PZT  decreases, the  pressure  on  the  PZT  increases  proportional ly  so  that 
the  charge  per  unit  area  of  the  composite  is  constant.  It  is  not  necessary 
that  d33  of  the  composite  be  constant  with  respect  to  volume  %  PZT  for  d^ 
to  be  enhanced  in  the  composite.  If,  as  the  volume  %  PZT  is  decreased  d31 

decreases  more  rapidly  than  333  ,  then  dh  will  be  enhanced.  Likewise,  if 
C33  decreases  more  rapidly  than  3^,  as  the  volume  %  PZT  is  decreased,  then 

will  be  enhanced. 

3.1  d33  of  the  composites 

In  this  work  the  following  factors  were  varied:  volume  %  PZT,  diameter 
of  PZT  rods  and  sample  thickness.  The  combination  of  the  factors  of  rod 
diameter  and  volume  %  PZT  brings  in  a  fourth  factor:  the  separation  between 
the  rods.  Obviously,  if  the  stress  on  the  polymer  is  to  be  transferred  to 
the  PZT  rods,  the  distance  from  a  particular  unit  of  load  bearing  polymer 
to  the  nearest  rod  is  important.  In  the  composites  with  the  smaller  rods  at 
a  fixed  volume  %  PZT,  the  rods  are  much  closer  together.  For  this  reason  a  point 

measurement  of  d33  on  the  composites  should  become  more  constant  with  respect  to 
position  on  the  composite  surface  at  constant  volume  %  PZT  .  Thus,  if  the  rod  dia¬ 
meter  is  decreased,  the  composite  becomes  more  piezoelectrical ly  homogeneous. 

Figure  4. A  shows  that  for  volume  fractions  down  to  40  volume  %  PZT  the 
values  of  d33  are  comparable  to  the  value  of  d33  for  solid  PZT  501 A  of  400. 

Below  40  vol%  PZT,  the  333  values  of  all  the  composites  decrease 
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but  it  is  significant  to  note  that  the  of  all  the  composites  at  10  vol  % 

-12 

are  still  greater  than  220  x  10  c/N.  If  d33  had  decreased  strictly  as 

a  function  of  volume  %  PZT  because  the  PZT  rods  were  not  bearing  any  part  of  the 

-12 

load  on  the  polymer,  the  calculated  d33  would  be  10%  of  solid  PZT  or  x  10  c/N. 
The  method  in  which  these  d33  values  were  measured  has  somewhat  affected  the 
way  d33  has  varied  as  a  function  of  volume  fraction  and  rod  diameter.  The 
d33  meter  measures  the  charge  developed  on  a  sample  due  to  a  stress  from 
two  rounded  rams  which  stress  the  sample  from  the  top  and  bottom.  Whether  or 
not  the  piezoelectric  response  of  composites  becomes  more  homogenous  is  hard 
to  determine  due  to  the  size  of  these  rounded  rams  with  regard  to  the  separa¬ 
tion  of  the  rods.  If  the  rams  are  in  physical  contact  with  the 
rods  then  the  force  on  the  rods  is  transmitted  directly  by  the  ram  and  not 
to  the  rods  via  the  polymer  phase.  It  would  not  be  justified  to  expect  a 
similar  d33  value  when  the  composite  is  stressed  hydrostatically  by  a  fluid 

and  a  sizeable  percentage  of  force  (equal  to  the  volume  %  of  polymer)  will 
fall  directly  on  the  polymer.  For  this  reason  the  d33  values  for  lower 
volume  fractions  of  PZT  where  the  rams  of  the  d33  meter  may  stress  the  polymer 
alone  are  probably  closer  to  the  true  d33  of  these  composites.  Each  of  the 
data  points  on  Figure  4. A  are  an  average  of  at  least  fifteen  values  measured 
at  random  over  the  electroded  surface  of  the  composite.  The  standard  devia¬ 
tion  of  these  values  are  shown  in  Figure  4.B.  The  piezoelectric  response 
has  indeed  become  more  homogeneous  as  the  rod  diameters  and  the 
distance  between  piezoelectric  elements  are  decreased.  All  the  values  shown  in 
Figure  4  were  measured  on  composites  with  a  4  mm  thickness.  The  d33  of 
composites  of  3,  2  and  1  mm  thickness  were  also  measured.  A  thickness  effect 
was  found.  For  all  composites  the  d33  decreased  as  the  composite  thickness 
Increased.  This  thickness  effect  was  also  a  function  of  rod  diameter  and  volume 
%  PZT.  d33  decreased  as  the  separation  between  the  rods  increased. 
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3.2  #h  of  the  composites 

In  Figure  5,d^  is  plotted  as  a  function  of  composite  thickness,  rod 
diameter  and  volume  %  PZT.  As  was  found  with  the  measurements  on  the  d33 
meter,  dh  is  a  function  of  composite  thickness.  This  effect  is  least  notice¬ 
able  for  the  400  micron  rods.  It  should  be  noted  that  for  most  of  the 
composites  measured,  regardless  of  composite  thickness,  rod  diameter  or 
volume  %  PZT,  the  d^  of  the  composite  is  greater  than  that  for  solid  PZT 
501A.  PZT  501A  pellets  were  cold  pressed,  sintered  and  fired  in  the  HIP 
along  with  the  rods  used  in  the  composites.  An  average  dh  value  of  30  -  32 
c/N  x  10" 12  was  measured  on  these  pellets.  Composites  of  the  same  PZT  but 
with  much  lower  volume  fractions  of  PZT  have  higher  values  of  d^.  The 
theory  (Figure  2)  predicted  that  d33  would  be  constant  and  that  d31  would 
decrease  linearly  with  the  volume  fraction  PZT.  If  this  were  true,  <?h  would 
increase  linearly  as  the  volume  fraction  of  PZT  was  decreased.  Hov/ever, 
point  probing  indicates  that  dj3  for  all  the  composites  decreased 
as  the  volume  fraction  of  PZT  decreased  below  40  vol  %  PZT.  If  d31  decreased 

as  the  theory  predicts  and  d33  decreased  at  a  slower  rate  then  d^  could 

either  decrease,  increase  or  be  constant  as  the  volume  %  PZT  decreased.  As 
shown  by  Figure  6,  all  of  these  occur.  All  the  data  in  Figure  6  were  measured 
on  composites  with  a  thickness  of  4  mm.  The  composites  of  rods  of  840  micron 

diameter  show  a  decrease  of  d,  as  volume  %  PZT  decreases.  From  a  volume 

II 

fraction  of  0.4  to  a  volume  fraction  of  0.1  its  volume  %  PZT  has  decreased  75% 
but  the  d^  has  decreased  only  50%.  For  the  composites  of  600  micron  rods 
is  nearly  constant  from  50  vol  %  down  to  20  vol  %.  The  composites  of  400 
micron  rods  actually  show  an  increase  of  d^  going  from  50  vol  %  down  to  20 
vol  %.  Although  d^  at  10  vol  %  is  the  lowest  for  all  the  rod  sizes  these 
composite?  shown  the  largest  increases  in  d^  with  each  reduction  in  rod 


diameter.  It  appears  that  if  the  rod  diameter  could  be  further  reduced,  the 
10  vol  %  composite  would  eventually  have  the  greatest  d^.  That  the  composite 
with  the  lowest  volume  fraction  of  PZT  would  have  the  highest  d^  is  predicted 
by  the  theory  but  the  magnitude  of  the  experimental  d^  value  are  less  than 
one  third  theoretical  value.  It  must  be  remembered  that  the  theory  called 
for  a  phase  2  which  was  much  more  compliant  than  phase  1.  As  the  epoxy  is  a 
stiff  polymer,  better  agreement  with  the  theory  may  be  found  when  an 
elastomer  is  used  as  the  phase  two. 

3.3  Effects  on  e33  and  gh 

The  calculation  of  e33  uses  the  equation  for  two  capacitors  in  parallel 
and  the  value  of  c 33  varies  linearly  with  the  volume  fractions  of  the  two 
phases  present.  Since  e  of  the  PZT  is  VI600  and  that  of  the  epoxy  is  ^7, 
the  value  of  c33  may  be  approximated  as  1600  x  volume  %  PZT.  The  experi- 
metal  values  of  e33  agree  with  calculated  levels,  as  shown  by  Figure  7. 

Since  gh  equals  dh  divided  by  e33,  constant  or  increasing  values  of  dh  with 
decreasing  volume  %  PZT  result  in  large  increases  in  the  value  of  g^.  Figure  8 
is  a  plot  of  the  g^  for  the  data  shown  in  Figures  6  and  7.  The  dotted  line 
in  Figure  8  represents  the  g^  of  solid  PZT  501A.  The  10  vol  %  composite 
of  254  micron  rods  has  a  gh  of  better  than  twenty-five  times  that  of  the 
solid  PZT.  Although  use  of  a  more  compliant  matter  would  not  appreciably 
affect  e33,  its  enhancement  of  dh  would  naturally  cause  a  corresponding 
increas  in  g^. 

Conclusions 

1.  A  technique  has  been  developed  for  fabrication  of  composites  of  ex¬ 
truded  PZT  rods  and  an  epoxy  matrix.  These  composites  have  3-1  connectivity. 


Z.  The  values  of  and  g^  of  such  a  composite  have  been  found  to  be  a 
function  of  the  diameter  of  the  PZT  rods,  the  spacing  between  the  PZT  rods 
and  the  thickness  of  the  composite. 

3.  d^  and  g^  are  probably  also  a  function  of  the  difference  in  the 
mechanical  compliances  of  the  PZT  and  the  epoxy. 

4.  Composites  with  high  values  of  d^  and  have  bulk  densities 
of  less  than  1 .8  gm/cc. 

5.  Composites  have  been  developed  with  a  d^  three  times  that  of  PZT 
501A  and  a  g^  at  least  twenty-five  times  greater. 
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RELATIONS  OF  d33  AND  d3l  TO  VOLUME  %  PZT. 
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Figure  7.  Relative  permittivity  as  a  function  of  volume  %  PZT 


4b  respectively.  The  orthorhombic  state  is  again  metastable  at  all 
field  levels  and  has  therefore  been  omitted.  The  ratio  of  the  total 
polarization  at  100  kv/cm  to  the  spontaneous  polarization  at  0  kv/cm 
is  plotted  versus  composition  in  Figures  5a  and  5b  for  the  two  orienta¬ 
tions  of  the  applied  electric  field. 

4.  DISCUSSION 

The  analysis  of  the  effect  of  hydrostatic  pressure  on  the  phase 
stability  of  morphotropic  PZT  compositions  shows  some  expected  results. 
The  rhombohedral-tetragonal  phase  boundary  (MPB)  is  rather  sensitive 
to  changes  in  the  elastic  boundary  conditions.  A  rhombohedral-tetragonal 
phase  transition  can  be  induced  in  the  morphotropic  PZT  compositions  by 
the  application  of  a  relatively  low  hydrostatic  pressure.  This  is  not 
a  surprising  conclusion,  since  most  of  the  lead  containing  perovskites 
are  known  to  have  low  elastic  stiffness  coefficients,  and  therefore  are 
elastically  soft  materials.  The  Gibbs  free  energy  difference  between 
stable  and  metastable  phases  at  the  PbTiO^  composition  agrees  well  with 
that  proposed  by  Henning  and  Hardtl  [6]  on  empirical  grounds,  though 
from  our  calculations  the  free  energies  themselves  are  not  linear 
functions  of  compositions.  In  a  future  study  we  intend  to  use  the 
opposed  diamond  anvil-high  pressure  cell  to  examine  morphotropic  PZT 
compositions  at  high  hydrostatic  pressures  by  means  of  x-ray  diffrac¬ 
tion,  and  to  explore  the  morphotropic  phase  boundary  shifts  as  a  func¬ 
tion  of  pressure. 

On  the  other  hand,  the  effect  of  electric  boundary  condition  changes 
on  phase  stability  shows  some  unexpected  and  interesting  results.  It 
can  be  seen  from  Figures  4a  and  4b  that  it  is  rather  easy  to  field 


force  the  rhombohedral  state  to  the  tetragonal  state.  However,  in 
the  tetragonal  phase  even  the  most  favorable  orientation  field  along 
[111]  will  not  force  changes  to  rhombohedral  state.  We  believe 
that  this  may  be  part  of  the  reason  there  is  a  rapid  escalation  of 
coercivitity  against  poling  in  tetragonal  phase  compositions. 
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Fig.  2  Elastic  Gibbs  free  energy  under  high  hydrostatic  pressure  at 
25°C  for  compositions  close  to  the  morphotropic  boundary  in 
the  PZT  system.  (a)  Positive  pressure 
(b)  Negative  pressure 


Fig.  3  Predicted  shift  of  the  morphotropic  phase  boundary  as  a  function 
of  hydrostatic  pressure  at  25°C. 

Fig.  4  Elastic  Gibbs  free  energy  under  dc  field  at  25°C  for  composi¬ 
tions  close  to  morphotropy  in  the  PZT  system. 

(a)  Field  along  [001]  cubic  direction 


(b)  Field  along  [111]  cubic  direction 
Fig.  5  Predicted-. compositional  dependence  of  Ps(100  kv/cm) /Ps(0) . 
(a)  Field  along  [001]  cubic  direction 


(b)  Field  along  [111]  cubic  direction 
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ABSTRACT 

Crain-oriented  ceramics  of  ferroelectric  lead  met- 
aniobatc  have  been  prepared  by  molten  salt  synthesis  of 
anisotropic  crystallites  followed  by  doctor  blade  casting. 

The  sintered  ceramics  have  an  orthorhombic  texture  with 
elongated  c-axis  grains  parallel  to  the  casting  direction. 

This  allows  efficient  poling  in  directions  perpendicular 
to  tlie  tape. 

In  recent  years  nove^  fabrication  techniques  have  made  possible  the 
production  of  ceramics  with  textured  microstructures.  The  earlier  applica¬ 
tions  w.^re  in  the  production  of  magnetic  ceramics’'.  More  recently  hot- 

2 

forging  techniques  have  produced  grain-oriented  ferroeloctrics  ,  primarily 
directed  toward  maximizing  piezoelectric  properties.  The  most  recent,  and 

possibly  simplest  technique  is  a  combination  of  molten  salt  syntheses  of 

,  .  3 

anisotropic  crystallites  and  conventional  doctor  blade  casting,  .  This 

system  has  been  shown  to  produce  highly  oriented  ceramics  for  the  layer 

structures  lii.Ti,  0,„  and  Hi  ,W0, . 

A  J  12  26 

In  this  note  we  present  preliminary  data  demonstrating  that  the  r.solton- 
salt-tape-casting  method  can  produce  ceramic  that  is  more  than  just  oriented 
in  the  sheet  of  the  casting  but  is  actually  orthorhombic  in  texture  and 
electrical  properties.  The  oxide  chosen  for  study  is  lead  mot aniobnto 


which  is  used  commercially  as  a  piezoelectric  transducer  because  of  three 
outstanding  properties'*:  a  very  high  Curie  point  (570°C) ,  a  very  low 
mechanical  Q  (about  10),  and  a  large  d^/d.^  ratio.  The  large  ratio  re¬ 
sults  in  a  large  hydrostatic  piezoelectric  effect  d^=d^+2d^.  For  this 
reason,  PbNb.,0  is  preferred  over  PZT  for  hydrostatic  pressure  detectors. 

The  lower  dielectric  constant  of  PbNb^O^  is  also  an  advantage  because  it 
increases  the  voltage  sensitivity.  Grain  alignment  is  expected  to  improve 
some  of  its  properties. 

The  techniques  used  to  produce  the  powder  and  green  ceramic  were  exactly 
3  4 

as  described  by  Holmes  ’  .  The  specific,  conditions  used  to  produce  the 
stoichiometric  PbNb^O^  acicular  crystallites  and  ceramic  shown  in  Figure  la 
were:  (a)  use  of  an  equimolar  HnCl-KCl  flux;  (b)  reaction  of  equal  weights 

of  flux  and  component  oxides  aL  800°C  -  1  hr  then  1050°C  -  3  hr;  (c)  in 
tape  casting,  PbNbO^  was  63%  of  the  total  weight;  (d)  casting  height  was 
0.013  inches;  (e)  tape  was  pressed  at  60°C,  25  Kpsi  for  three  minutes; 

(f)  fired  in  air  at  1260®C  for  I  hr.  The  resulting  ceramic  had  a  density 
of  5.4  gr/cc  and  its  microstructure  can  be  compared  to  the  starting  powder 
in  Figure  lb. 

The  orhtorhombic  nature  of  the  unpoled  ceramic  can  be  demonstrated  by 
comparing  the  x-ray  intensities  in  Figure  2.  Each  pattern  has  been  normalized 
to  its  most  intense  peak.  The  nomenclature  used  in  this  paper  assigns  the  x 
direction  to  the  tape,  casting  direction,  z  as  normal  to  the  sheet  ,  and  v  ns 
the  axis  in  the  sheet  perpendicular  to  Llie  casting  direction.  The  action  of 
tape  casting  causes  the  acicular  crystallites  to  lie  with  the  long  axis 
(c  or  [001]  axis)  in  the  sheet.  Additional,  orientation  occurs  within  the 
plane,  where  the  crystals  show  a  tendency  to  orient  parallel  to  the  casting 
direction.  In  the  x-ray  pattern'-,  this  is  evident  from  the  very  intense 


/ 


3 


002  peak  in  the  z  plane,  a  moderate  peak,  in  the  x  plane,  and  the  absence 

of  the  reflection  in  the  diffraction  pattern  obtained  from  the  y  plane. 

The  orthorhombic  nature  is,  however,  not  as  apparent  in  the  unpoled 

relative  permittivity  which  is  355  in  the  sheet  and  260  in  the  z  direction. 

But  after  poling,  the  difference  in  the  three  axes  becomes  more  obvious. 

Under  moderate  poling  conditions  (26  kV/cm,  140°C  for  10  minutes),  a 
-12 

value  of  110  X  10  C/N  was  developed  along  the  z  axis.  Along  y  the 
-12  -12 

value  was  90  X  10  C/N,  and  only  75  X  10  could  be  induced  along  the 

x  axis  or  the  casting  direction.  These  results  are  consistent  with  the 

x-ray  data  which  show  that  for  most  grains  the  c  axis  lies  in  the  z  plane, 

with  many  oriented  parallel  to  the  casting  (x)  direction.  The  polar  axis 

in  ferroelectric  PbNb^O^  is  in  the  plane  perpendicular  to  t lie  c  axis,  or 

radial  for  the  acictlar  crystallites.  This  means  that  the  remanent 

polarization  and  piezoelectric  coefficient  should  be  largest  perpendicular 

to  the  tape  and  smallest  parallel  to  the  casting  direction,  as  observed. 

Table  1  gives  the  permittivity  of  the  poled  ceramic  and  its  resonance 

characteristics.  The  coupling  factors  listed  have  been  corrected  by  the 
4 

figure  of  merit  and  are  true  k^  values,  except  for  measurements  in  the 

poling  direction  which  are  k  effective  values.  The  coupling  factors  arc 

less  than  maximum  since  the  d ^  coefficients  are  not.  at  saturation  levels. 

-12 

A  saturation  d^  was  found  to  he  145  X  10  C/N  in  the  z  direction  when 
poled  at  40  kV/cm  for  thin  samples. 

In  summary,  the  molten  salt  production  of  ncicular  crystallites  combined 
with  tape  casting  can  produce  l’bNb^O^  ceramic  witli  pseudo-orthorhombic 
symmetry  and  the  fabrication  should  ho  applicable  to  many  otiicr  systems  in 
which  asymmetric  crystallites  can  be  produced.  The  grain  oriented  PbNb^O^ 


4 


Table  1. 


Electrical  properties  of  poled  grain-oriented  lead  niobat 
K  is  the  relative  permittivity,  k  the  coupling  factor,  Q 
ical  quality  factor,  and  N  the  frequency  constant  in  Hz.m 
displacement) . 
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should  produce  a  ceramic  with  a  significantly  higher  d^  and  possibly  lower 

permittivity  than  is  presently  available.  It  is  hoped  that  the  ongoing 

study  of  this  material  will  increase  the  understanding  of  the  unusually 

low  Q  and  low  planar  coupling  found  in  conventional  PbNb.O, 

2  6 

ceramics . 
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ABSTRACT 


New  data  concerning  the  atomic  shifts  and  polarization  levels  in 
some  solid  solutions  in  the  Lead  Zirconate  :  Lead  Titanate  system 
have  beei.  used  to  re-examine  the  empirical  relations  of  Abrahams 
et  al.  for  displacive  ferroe lee  tries .  It  is  shown  that  the  re¬ 


lowed,  with  a  correlation  coefficient  of  2.51(7)  C/m2  -  A.  The 
second  relation  between  Tc  and  5z,  which  is  explicable  on  the 
Landau-Ginsburg-Devonshire  theory  if  the  transitions  are  near 
second  order  appears,  however,  to  require  different  values  of 
the  correlation  coefficient  in  the  different  ferroelectric 
structures . 


Introduction 

Based  on  a  survey  of  ten  different  displacive  ferroelectrics ,  Abrahams 
et  al.  (1)  observed  that  the  spontaneous  polarization  P  is  linearly  related 
to  the  homopolar  atom  shift  6z  (A)  by  the  relation 

Pg  =  k  6z  C/m2  [1] 

where  k  =  2.58(9)  C/m2  -  A.  In  addition  they  found  a  second  relationship  be¬ 
tween  the  Curie  temperature  T  and  ( 6 z ) 2 

c 

T  =  2.00(9)xl04(6z)2  [2] 

c 

Since  most  of  the  technologically  important  ferroelectric  materials  are 
ceramics,  Eqs.  (1,2]  are  very  useful,  especially  when  good  single  crystals  arc 
unavailable  for  P  measurements.  The  homopolar  atom  shift  6z,  and  the  Curio 
temperature  T  caii  be  determined  accurately  from  ceramic  samples.  Since  these 
two  parameters  are  identical  in  ceramic  and  single  crvstal  forms,  P  can  be 
determined  from  Et) .  [I  ]. 
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In  this  paper  we  discuss  the  origin  of  these  relationships  and  their  ap¬ 
plication  to  the  technologically  important  PZT  system,  the  perovskite  solid 
solution  between  PbZrO-j  and  PbTiO^.  The  first  of  the  Abrahams  et  a]  .  re¬ 
lationships  can  be  understood  on  the  basis  of  a  point  charge  model  for 
a2+b“*+o^~  perovskites,  and  the  second  relationship  by  the  Landau-Ginsburg- 
Devonshire  theory  of  second  order  phase  transition.  Some  recent  results  on 
the  PZT  system  are  used  to  verify  the  relationships. 

Relationships  in  the  PZT  System 

The  (Zr/ji)ii+  and  Pb^+  atom  shifts  determined  by  neutron  diffraction  and 
the  spontaneous  polarization  values  are  listed  in  Table  1.  The  experimental 
values  of  5z(Zr /ji)^+  and  Ps  are  shown  in  Figure  1.  These  points  have  been 
fitted  by  the  method  of  least  squares.  In  the  fitting  procedure,  each  6z 
value  was  weighted  by  the  inverse  of  its  variance.  The  least  squares  line 
equation  is  given  by 

Ps  =  k  4z  [3] 

2  « 

where  k  =  2.51(7)  C/m  -  A  which  agrees  well  with  the  value  obtained  by 
Abrahams  and  coworkers.  Figure  2  shows  the  compositional  dependence  of  the 
room  temperature  value  of  Ps  -  (Zr/^^)'!,+  atom  shifts  as  determined  from  Eq .  [3]. 
Note  the  continuous  variation  of  these  two  parameters  as  a  function  of  com¬ 
position  in  both  the  tetragonal  and  rhombohedral  regions,  with  a  discontinuity 
at  the  morphotropic  phase  boundary. 

The  experimental  values  of  6z(Zr/^^)^+  and  6z(Pb)^+  are  shown  in  Figure  3. 
These  points  have  been  fitted  to  a  straight  line  by  the  method  of  least 
squares.  In  the  fitting  procedure,  each  6z  value  was  weighted  by  the  inverse 
of  its  variance.  The  least  squares  line  equation  is  given  by 


FIG.  1 


Experimental  (Zr/j^)  shifts  versus  Ps 


TABLE  1 


■t 


Numbers  in  parentheses  represent  the  standard  deviation  in  the  least  significant  digit. 
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FIG.  2 

Compositional  dependence  of  single  domain  Ps  at 
25C  (9)  and  calculated  shifts  5z.  Filled 
circles  represent  experimental  shifts. 


«  0.14 
e 

-  0.12 


i  o.io 

w0.08 


M 

“0.04 


0.10  0  20  0  30  0  40  0.50 

Pb  SHIFT  IN  & 


FIG.  3 

Experimental  (Zr/j^)  shifts  versus  Pb  shifts 
for  R3c  and  R3m  PZT  compositions. 
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5z(Pb)2+  =  k’6z(Zr/  )4+  (4] 

where  k'  =  2.87(7).  It  must  be  noted  that  during  the  structure  refinement  of 
Pb/r^  6^*0  4°3^  Lbe  Pb  ani-l  (Zr/Ti)  atom  shifts  were  highly  correlated.  The 
same  high  correlation  was  observed  in  the  refinement  of  PbZr^  ^0^(3). 

It  is  interesting  to  note  that,  a  similar  correlation  between  A-cation 
(A  =  Pb,Bi,  or  li)  displacement  and  B-cation  (B  =  Ti,Zr,Fe,Nb,  or  Ta)  dis¬ 
placement  f  ir  several  rhombohedral  ABO  perovskites  was  observed  by  Michel  et 
al.  (4).  The  correlation  coefficient  being  equal  to  2.95  is  close  to  that 
given  by  F.q.  [4]  for  the  rhombohedral  compositions  in  the  PbZrO-  -  PbTiO., 
solid  solution  system.  However,  Megaw  et  al.  (5)  observed  that  for  NaNbO,- (N) 
phase  and  kN'bO^,  the  A  and  B  displacements  deviate  from  that  suggested  byJ 
Michel  et.  al.  In  the  following  paragraph,  we  examine  the  point  charge  model 
for  A-+B^+0s"  perovskites,  imposing  the  constraint  given  by  Eq.  [4]. 

The  point  charge  model  provides  a  very  simple  way  of  calculating  the 
single  domain  spontaneous  polarization  P  along  the  polar  axis.  Assuming 

complete  ionicitv,  P  can  be  written  as  S 
s 
N 

P=N.2.n.eiz.  [5] 

s  c  1=1  li  1  J 

where  N  is  the  number  of  unit  cells/unit  volume,  n.  the  itb  ion  valency,  e 
the  electronic  charge,  the  ic^  ion  d isplacemen t "^along  the  polar  axis. 

The  summation  in  Eq .  [5}  is  taken  over  all  the  ions  N  in  the  unit  cell.  Re¬ 
lative  to  an  origin  taken  at  Che  02_  onions  in  the  ferroelectric  state,  and 
assuming  rigid  BO^  octahedra,  the  spontaneous  polarization  Ps  can  be  written 
as 

P  =  ~r  [ 6z ( B)  +  0.5  6 z (A) ]  c/m2  [6] 

S  V 

where  5z(B)  and  5z(A)  are  the  and  A2+  cation  shifts  A  along  the  polar 

axis  in  tile  ferroelectric  state  from  their  high  symmetry  position,  and  V  is 
the  unit  cell  volume  A2.  Substituting  for  6z(A)  from  Eq.  [4]  in  Eq .  [6] 

1 56i?  ^ 

Pg  =  ~~  iz(B)  C/m“  [7] 

It  is  clear  from  Eq.  (7)  that  the  spontaneous  polarization  P  is  linearly 
related  to  the  homopolar  atom  shift  6z(B)  in  agreement  with  the  survey  of 
Abraha.uS  et  al. 


Numerical  results  for  PbTiO^,  PbZr^  ^Ti^  i°3’  anc*  P^Zro  6^*0  4®3  are  now 
considered.  The  room  temperature  crystal  structure  of  ferroelectric  PbTiO^ 
is  given  by  Shi  rune  et  al .  (6).  The  Ti  atom  shift  6z(Ti)  is  given  in  Table  1, 
the  unit  cell  volume  V  =  67. 3A2.  Substituting  for  <5z(Ti)  and  V  in  Eq .  [7]  we 
obtain  P  =  0.69(9)  C/m2.  The  literature  room  temperature  value  of  P  for 
I’bTiO  vary  from  0.51  -  0.81  C/m-(7).  However,  a  more  reliable  value  of  0.75 
C/m-  was  reported  by  r.-ivri  lyachenko  et  al.  (d).  The  room  temperature  crystal 
s!  ru  turc  of  ferroelectric  PEZr^  ^Ti()  ^3  is  given  by  Blazer  et  al.  (3).  The 
(ZrA  )  atom  shift  '/.(Zr/..)  is  given* in  Table  !,  the  unit  cell  volume 
V  -  Substituting  Kir  4z(Zr/-j.j)  and  V  in  Eq .  [7]  we  obtain 

P  =  0.36(4)  C/m-'.  For  ferroelectric  Pb7.r(j  (Ti  ^0  ,  ^ room  temperature 

t)’r/jj)  item  shift  is  given  in  Table  1,  the  unit  cell  volume  V  =  67.9A-K 

Substituting  for  'zfZr/qj)  and  V  in  Eq.  [7]  gives  P  =  0.35(2)  C/m2.  The 

single  crystal  values  at  room  temperature  for  these  two  compositions  are 
listed  In  Tab  1 e  l  . 
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Phenomenological  Basis  of  the  Tc  -  6z  Relationship 


When  applied  to  simple  proper  ferroelectric,  the  elastic  Gibbs  free 
energy  function  is  treated  as  an  analytical  function  of  the  spontaneous  polar¬ 
ization,  and  in  its  most  simple  form  as  an  expansion  in  even  powers  of  Ps. 

AG  =  APs2  +  BPgA  +  .  .  .  [8] 

Minimizing  with  respect  to  Ps 

6 AG  =  E  =  2APS  +  4BP3  =  0  [9] 

6P 

Eq.  [9]  leads  to  the  following  solutions 

Paraelectric  solution,  Ps  =  0  [10) 

2  A 

Ferroelectric  solution,  Pg  =  *  =  “  constant  (T-9)[  1 1  ] 

For  a  second  order  phase  transition  the  Curie-Weiss  temperature  9  and  the 
phase  transition  temperature  Tc  are  identical.  Therefore,  Eq.  [11)  may  be 
expressed  for  temperatures  far  belcw  Tc  as 

p2  *=  const.  Tc  [12) 

From  Eq.  [3]  we  have 

p|  =  const.  & z^  [13) 

From  Eqs-  [12)  and  [13)  one  obtains 

Tc  =  const.  <5z2  [14] 

Which  is  the  second  of  Abrahams  et  al.  relationships. 

Unfortunately,  the  experimental  data  on  the  composition  dependence  of  the 
homopolar  (Zr/Ti)  atom  shifts  5z  in  the  PZT  system  are  rather  sparse.  However, 
it  can  be  seen  from  Figure  1  that  the  calculated  room  temperature  (Zr/j-^) 
shifts  agree  reasonably  well  with  the  experimentally  determined  values.  There¬ 
fore,  we  decided  to  use  the  compositional  dependence  of  the  calculated  shifts 
(Eq.  [3]) to  see  if  they  were  correlated  to  the  Curie  temperature  Tc  as  sug¬ 
gested  by  Eq.  [14).  The  square  of  the  calculated  (Zr/ji)  shifts  at  room  tem¬ 
perature  for  several  PZT  compositions  in  the  tetragonal  phase  field  was  found 
to  be  linearly  correlated  to  their  Curie  temperature  Tc  by 

Tc  =  1.04(6)  X  10a(6z)2  k  [15] 

whereas  for  the  rhombohedral  phase  field  compositions,  the  Curie  temperature 
is  related  to  the  ( Zr/j shifts  by 

Tc  =  3.3(2)  X  10A (6 z) 2  K  [16) 

Table  2  lists  the  experimental  Tc  values  for  several  PZT  compositions  (12), 

5z  ((Zr/ji)  as  calculated  from  Eq.  (3),  and  the  calculated  Curie  temperature 
from  Eqs.  [15]  and  (16)  for  the  tetragonal  and  rhombohedral  compositions 
respectively. 
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TABLE  2 


Calculated  (Zr/f3)  Shift  and  Curie  Temperature 

for  PbZr  Ti,  0.. 

x  1-x  3 


Composi t ion 

X 

TC(K) 

Exp. 

■5z(Zr/Ti)  A 

Calc . 

TC(K) 

Calc. 

PbTiO 

765 

0.282(8) 

827(48) 

0.1 

750 

0.279(7) 

809(47) 

0.2 

732 

0.276(7) 

792(46) 

0.3 

713 

0.259(7) 

698(39) 

0.4 

692 

0.239(7) 

594(33) 

0.5 

667 

0.210(10) 

459(26) 

0.6 

638 

0.131(4) 

561(34) 

0.7 

608 

0.135(4) 

601 (36) 

0.8 

573 

0.135(4) 

601(36) 

0.9 

531 

0.135(4) 

601(36) 

Summary  and  Conclusions 

Some  recent  results  on  the  mixed  perovskite  solid  solutions  between 
ferroelectric  PbTiO^  and  ant i f erroe lec t ric  PbZrO^  have  been  used  to  examine 
Abrahams  et  al.  relationships  for  displacive  type  f er roe  1 ec tries .  The  first 
of  the  two  relationships,  i.e.,  the  linear  correlation  between  the  homopolar 
atom  shift  iz  and  P  was  found  to  hold  reasonably  well  for  the  PZT  system. 

The  correlation  coefficient  being  equal  to  2.51(7)  C/m^  -  A  is  in  good  agree¬ 
ment  with  the  value  2.53(9)  C/m^  -  A  determined  previously.  It  is  also  shown 
that,  if  the  first  relation  is  true,  then  the  relationship  between  the  Curie 
temperature  T^  and  the  homopolar  atom  shifts  (5z)2  must  be  satisfied  according 
to  the  Landau-Cinsburg-Devonshire  theorv  of  second  order  phase  transition.  It 
is  quite  possible  that  the  correlation  coefficient  between  P  and  5z  is  almost 
the  same  for  all  displacive  type  ferroe 1 ec t r ics .  However,  this  argument  can¬ 
not  be  extended  to  the  correlation  coefficient  between  T  and  (l  z  )  •  •  ■  For 

Q 

example,  in  the  PbZrO^  -  PbTiO^  system  two  correlation  coefficients  (depending 
on  symmetry)  were  found  between  T  and  (iiz.)-  for  several  compositions  across 
the  phase  diagram.  Another  exception  is  bismuth  tungstate.  The  structure  of 
ferroelectric  Bi.,W0  consists  of  alternate  layers  of  BiO,  and  perovskite  like 
units  (11).  The'predicted  Curie  temperature  from  the  homopolar  atom  shift  is 
1250C,  well  above  its  melting  poinc.  Thus,  the  correlation  coefficient  be¬ 
tween  Tc  and  (>5z)^  Is  not  sufficiently  general  to  be  useful  in  practice. 
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ABSTRACT 

The  Gibbs  free  energy  function  has  been  used  to  calculate 
the  influence  of  elastic  and  electric  boundary  conditions  on  the 
relative  phase  stabilities  and  single  domain  properties  for  PZT 
compositions  close  to  the  Zr:Ti=l:l  ratio.  Free  energy-composition 
phase  diagrams  under  hydrostatic  pressure  and  applied  dc  fields 
are  discussed  in  terms  of  the  morphotropic  phase  boundary  behavior. 
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Effect  of  Elastic  and  Electric  boundary  Conditions 
on  the  Morphotropic  Phase  Boundary  in  PZT 
A.  Amin,  L.E.  Cross,  R.E.  Newnham 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

1.  INTRODUCTION 

The  PZT  perovskite  solid  solution  between  antiferroelectric  lead 
zirconate  (PbZrO^)  and  ferroelectric  lead  titanate  (PbTiO^)  contains 
a  number  of  extremely  important  compositions  (Figure  1)  used  in  the 
electronics  industry  [1].  Piezoelectric  devices  such  as  sonar  trans¬ 
mitters  and  detectors  are  made  of  poled  PZT  ceramics  with  compositions 
near  the  morphotropic  phase  boundary  MPB  (Zr:Ti  ^1:1)  where  the  dielec¬ 
tric  constant,  and  piezoelectric  coupling  coefficients  are  unusually 
high. 

In  this  work  an  elastic  Gibbs  function  derived  earlier 
by  computer  graphic  fitting  techniques  [2]  is  used  to  calculate  the 
influence  of  some  postulated  elastic  and  electrical  boundary  conditions 
upon  the  relative  phase  stabilities  and  the  single  domain  properties 
for  compositions  close  to  the  Zr:Ti=l:l  ratio  required  for  morphotropy 
at  zero  stress  and  field. 

Consider  the  free  energy  function  for  a  simple  proper  ferroelectric 
derived  from  a  prototypic  phase  of  symmetry  Pm3m.  For  Brillouin  zone 
center  modes,  the  free  energy  may  be  written  as  a  power  series  [3,4] 
in  dielectric  polarization  (i=l,2,3). 


G  =  cti(p12+p22+P32)  +  a^(p14+p24-,‘p34) 


+  (P  ^P  2+P  ^P  ^+p  ^p  +  ftX  (p  6+p  6  p  6. 
“l2V  1  2  *2  3  3  1  '  °Tir  1  2  *3  ' 


+  aU2(Pl4(P22+P32)  +  P24(P32+P12)  +  p34(p12+p22>> 


+a!23  Pl2p22p32  -  1/2  S11(X12+X22+X32) 


S12(X1X2+X2X3+X3X1)  ~  1,2  S44(X42+X52+X62) 


Q11(X1P12+X2P22+X3P32) 


Q12(X1(P22+P32)  +  X2  (P32+P12)  +  x3  (p12+p22)) 


’  Q44(X4P2P3+X5P3P1+X6P1P2) 


where  ax,  ax  ,  ax  are  related  to  dielectric  stiffness  and  higher 
1  ij  lj  k 

P  P  P 

order  stiffness  coefficients;  s  ,  s^,  are  the  elastic  compliances 
measured  at  constant  polarization;  and  Q^>  Q^2>  Q44  are  the  electro- 
striction  constants  written  in  polarization  notation.  The  expression 
is  complete  up  to  all  six  power  terms  in  polarization,  but  contains  only 
first  order  terms  in  electrostrictive  and  elastic  behavior. 

Adjustable  parameters  in  the  free  energy  function  (1)  which  fit 
the  observed  PbZrO^-PbTiO^  phase  diagram  and  the  observed  physical 
properties  (dielectric  and  piezoelectric  coupling  coefficients)  have 
previously  been  determined  [2],  In  the  computation  of  phase  stability  and 
properties  [2]  it  was  assumed  that  in  equation  (1)  all  stresses  are  absent 
(X^=0).  Under  zero  stress,  morphotropy  with  coexisting  rhombohedral  and 
tetragonal  phases  was  obtained  with  the  following  parameters: 


°im  *0(I'6)-  *o-1/2£oC. 


X  ,  X 


4>  -  «12^all  =  “  1,20  ln  pbZr03  changing 


3 


linearly  with  composition  to  0.80  in  PbTiO^, 

a*  =  8000/ £  C, 

112  o 

=  -A 5000/t^C  in  PbZr03  changing  linearly  with  composition  to 
20000 /c  C  in  PbTiO.., 

O  -j 

where  C  is  the  Curie-Weiss  constant  and  £q  is  the  permittivity  of  free  space 

2.  INFLUENCE  OF  HYDROSTATIC  PRESSURE 

To  assess  the  phase  stability  and  physical  properties  under 
static  stress  sytems,  it  is  necessary  to  consider  various  X„ 
values  and  their  effect  on  the  energy  function.  For  a  hydrostatic 


pressure  p 


XU  ■  x22  •  X33  '  -  P 

X12-X23-X31-0' 


Under  these  conditions  the  free  energy  equation  (1)  takes  the  form: 


3s  +6s  o  v  2  2  2. 

G  -  -  ( — l~2  -1--)P2  +  [ajC*(Q11+2Q12)p](P1  +P2  +P3  ) 


+  ‘3i<*14+*24+P34)  + 


2„  2 2„  2  2  D  2. 


+  op-  fP  ^+P  ^+p  6) 
“ill1  1  2  3  ' 


+  <t2<»i*('22*3l>  +  P24<P32+P12)  +  P3*‘'l‘<» 


4,„  2.„  2, 


+  P  ^P  ^P  ^ 

+  l23  1  2  *3 


(2) 


The  first  partial  derivative  equations  give  the  electric  field  components 


(1G_) 

VDPi; 


E. 

1 


/ 


(i=l,2,3) 


(3) 


The  dielectric  reciprocal  susceptibilities  (dielectric  stiffnesses) 


are  given  by  the  second  partial  derivatives  of  the  free  energy  function 
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The  piezoelec  trie  coef f ic ients  are  given  by 
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Choosing  an  appropriate  value  for  p  (hydrostatic  pressure),  the  first 
derivative  equations  (-^— )  =  E.=0  (i=l,2,3)  are  solved  to  give  new 
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values  of  the  polarization  P^  under  stress,  which  can  then  be  rein¬ 
serted  in  equation  (2)  to  delineate  G  as  a  function  of  composition,  tem¬ 
perature,  and  applied  stress.  In  the  computational  procedure  the  follow¬ 
ing  values  were  used:  =  .065  mVc2,  Q^=  -0.032  m^/C2,  sP^  = 

6.785  x  10-12  m2/N,  s*  =  -2.5  x  10~12  m2/N  [2,5]. 

For  compositions  near  the  morphotropic  phase  boundary,  the  resulting 
free  energies  at  0,  7,  and  11  kbar  pressure  are  shown  in  Figure  2a,  and 
for  0,  7,  11,  and  15  kbar  tension  in  Figure  2b.  The  orthorhombic  state 
is  metastable  at  all  pressures  for  all  single  cell  compositions. 
Therefore,  the  orthorhombic  free  energies  have  been  omitted  from  Figures 
2a  and  2b  for  clarity.  From  results  similar  to  these  at  many  inter¬ 
mediate  pressures,  the  composition  at  the  morphotropic  boundary  has 
been  calculated  as  a  function  of  stress  and  is  given  in  Figure  3. 


3.  EFFECT  OF  ELECTRIC  FIELD 

Various  electric  boundary  conditions  have  also  been  studied.  The 
way  in  which  applied  dc  fields  affect  phase  stability  and  physical 
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properties  is  of  interest,  since  in  a  polycrystalline  PZT  ceramic  the 
electric  boundary  conditions  vary  considerably.  In  addition,  since 
all  the  piezoceramic  compositions  (Zr:Ti  ,vl:l)  are  electrically  poled 
at  temperatures  near  the  Curie  temperature  T  ,  it  is  interesting  to  know 
what  effect  the  poling  field  has  on  morphotropic  compositions. 

For  an  applied  dc  field  E^,  the  free  energy  function  takes  the 

form 

G  -  a]c(P12+P22+P32)  +  aii^i  +^2  +P3  } 


+  aiX2(Pl2p22+P22p32+P32pi2>  +  alll(Pl6+P26+P36) 


+  ajC12(p1A(p22+p32)  +  P2A(P32+P12)  +  P3(P12+P22)) 


+  an3<Pl2p22p32  -  <ElVWW 


The  dielectric  reciprocal  susceptibilities  and  the  piezoelectric  moduli 

for  the  cubic,  tetragonal,  rhombohedral,  and  orthorhombic  states  are 

given  by  a  set  of  equations  similar  to  those  given  in  Section  2. 

Choosing  an  arbitrary  value  and  orientation  for  E  (applied  electric 

9G 

field),  the  first  partial  derivative  equation  (^r— )=  E.-  +  0  (i=l, 2, 3)  are  solved 

9pi 

to  give  new  values  of  the  polarization  P^  under  applied  electric 
field.  These  values  can  then  be  reinserted  in  equation  (6)  to  delineate 
G  as  a  function  of  composition,  temperature,  and  applied  electric 
field. 

The  free  energy-composition  phase  diagram  for  dc  fields  applied 
along  the  cubic  [001]  and  (111)  directions  are  shown  in  Figures  4a  and 


Figure  6 


Figure  8 
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FERROELECTRICS 

The  term  ferroelectric  was  first  used  by  Valasek  (1)  to  emphasize  the  analogy 
between  the  nonlinear  hysteretic  dielectric  properties  of  Rochelle  salt  {, 104-59-6] 
(sodium  potassium  tartrate  tetrahydrate,  NaKC.|H.i0,;.4HL;0)  and  the  magnetic  be¬ 
havior  of  ferromagnetic  iron.  More  recently  (2-3)  the  concept  has  been  generalized 
and  the  term  ferroic  has  been  used  to  describe  all  materials  that  exhibit  one  or  more 
phases  showing  a  twin  or  domain  structure  in  which  the  individual  domain  states  may 
be  reoriented  by  applied  magnetic,  electric,  or  elastic  stress  fields  or  combinations 
of  such  fields  (see  Magnetic  materials). 

The  parameters,  the  state  shifts,  and  the  resulting  hysteretic  responses  for  the 
primary  ferroic  ferromagnets,  ferroelectrics,  and  ferroelasticsare  shown  in  Figure  1. 
It  is  evident  that  in  the  ferroelectric  the  domain  states  differ  in  orientation  of  spon¬ 
taneous  electric  polarization,  and  that  the  ferroelectric  character  is  established  when 
it  is  evident  that  the  states  can  be  transformed  one  to  another  by  a  suitably  directed 
electric  field.  Spontaneous  polarization  (P„),  remanent  polarization  (l'r).  and  coercive 
field  ( K, )  are  defined  by  analogy  with  corresponding  magnetic  quantities.  Clearly, 
it  is  the  reorientabilitv  of  the  domain  state  polarizations  that  distinguishes  ferro¬ 
electrics  as  a  subgroup  from  the  larger  class  of  pyroelectric  crystals  in  the  10  polar- 
point  symmetries  (4). 

For  many  years  it  appeared  that  ferroelectricity  was  a  rare  and  unusual  phe¬ 
nomenon,  and  Rochelle  salt  a  strange  accident  of  nature.  However,  with  the  discovery 
of  the  simple  perovskite  ferroelectric  barium  tilanate  \l2047-27-7\,  HaTiOa,  in  the 
early  1940s  and  the  development  of  important  practical  applications,  much  more  effort 
was  focused  on  the  problem,  and  by  the  late  19.ri0s  and  early  1960s  many  other  com¬ 
pounds  in  different  structural  families  were  shown  to  have  ferroelectric  phases. 
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t 


Figure  I .  Primary  ferroics.  (a)  ferromagnetic;  (b),  ferroelectric;  (c),  ferroelnstic;  (d),  ceramic; Coo  i 
Mlltoiir  A.  25*C;  (e),  single  crystal,  HaTiO.i,  25°C;  (f),  single  crystal,  Pbal'i  «V0  «0»,  25*C.  To  convert 
tesla  to  gauss,  divide  by  10'*;  to  convert  A/m  to  oersted,  divide  by  7D.5H. 
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At  present  there  are  more  than  3H  different  structural  families  of  ferroelectries. 
As  an  example,  within  the  perovskite,  in  addition  to  barium  titanate,  there  are  more 
than  fit)  ferroelectric  compounds,  and  crystalline  solid  solutions  between  more  than 
150  of  these  different  end-member  compositions  have  been  explored. 

An  excellent  compendium  of  experimental  information  on  ferroelectric  crystals 
is  given  by  Landolt-Bornstein  (5  fi).  The  listing  of  materials  is  complete  up  to  1973, 
and  the  experimental  data  have  been  screened  by  authors  of  international  repute. 

Recent  theoretical  developments  in  the  field  of  ferroelectricity  have  been  admi¬ 
rably  covered  in  a  text  that  also  reviews  application  of  the  single  crystals  to  pyroelectric 
and  electrooptic  devices  (7). 

Oxide  ferroelectries  and  their  applications  in  ceramic  form  for  piezoelectric  devices 
are  also  described  in  considerable  detail  in  ref.  8. 

Properties 

In  many  (not  all)  ferroelectries  the  domain  state  spontaneous  polarization  is  a 
decreasing  function  of  temperature,  going  to  zero  at  a  phase  transition  temperature 
7'<.  which  is  called  the  Curie  point.  Above  7’c  a  number  of  ferroelectries  exhibit  very 
high,  temperature  dependent  dielectric  susceptibility  (rj)  such  that  one  component 
of  the  susceptibility  tensor  follows  a  Curie-VVeiss  law 

C 

V“  ~  T~0 

where  C  is  called  the  Curie  constant  and  f)  the  Curie-Weiss  temperature.  Again,  the 
terminology  is  taken  directly  from  the  magnetic  analogy.  It  must  be  noted,  however, 
that  for  the  dielectric  case  the  Curie  constant  C  is  ca  5  to  7  orders  of  magnitude  larger 
than  in  the  ferromagnet.  In  practice  this  means  that  very  high  useful  dielectric 
susceptibilities  (permittivities)  persist  for  a  wide  range  of  temperature  above  T,  in 
the  paraelectric  phase.  In  fact,  it  is  this  high  intrinsic  "softness"  in  the  dielectric  re¬ 
sponse  that  is  the  phenomenon  most  used  in  the  practical  application  of  ferroelectries, 
and  polycrystalline  ceramic  ferroelectric  dielectrics  with  relative  permittivities  ranging 
up  to  10,1)00  are  very  widely  used  in  compact  disk,  tubular,  and  multilayer  capacitors 
(see  Dielectrics  below). 

Although  the  intrinsic  coupling  between  changes  of  polarizat ion  and  lattice  de¬ 
formation  (strain)  through  the  piezoelectric  or  elect  restrict  ive  elTce's  (the  «...  />,,,  or 
(<•,  > ,  constants)  of  the  paraded  ric  or  prototype  structure  are  quite  normal.  I  lie  large 
spontaneous  polarizations  of  the  domains  in  many  ferroelectries  lead  to  substantial 
spontaneous  st  rains  (ca  Pi  in  BaTiO.i  at  room  temperature),  and  n  is  not  surprising 
to  find  that  a  number  of  ferroelectric  crystals  arc  also  full  or  partial  fcrroclasties  such 
that  all.  or  just  some,  of  the  electric  domain  states  may  he  reoriented  bv  uniform  elastic 
stress.  Perhaps  of  more  practical  importance  is  the  fact  that  the  verv  high  polarizability 
of  the  ferroeled nr  gives  large  polarization  changes  at  low  fields,  so  t  hat  t he  field  related 
piezoelectric  and  elect  rost  rid  ion  constants  and  Af,ju )  arc  also  very  large.  Thus 

a  second  major  area  of  applical ion  uses  this  high  electromechanical  coupling  for  effi¬ 
cient  transduction  between  electrical  and  mechanical  signals,  in  sonics  and  ultrasonics 
(qv),  NDK  (non  destructive  evaluation),  acceleration  and  pressure  sensing,  fusing 
and  spark  ignition,  and  many  other  transducer  applications. 

Ferroelectric  piezoelectrics  arc  also  used  extensively  for  broad  band  filter  ap- 
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plication,  hut  not  as  vet  for  critical  frequency  control.  A  current  challenge  in  ferro- 
electricity  is  to  find  materials  with  temperature-compensated  elastic  properties  so  that 
the  strong  electromechanical  coupling  coefficients  may  he  used  to  fabricate  precisely 
tuned  bulk  and  surface  acoustic  wave  filters  and  signal  processing  devices. 

In  ferroelectrics  both  /’,  and  /'.  are  strong  (unctions  of  temperature,  particularly 
at  temperatures  close  to  1\  ,  line,  these  crystals  and  poled  ceramics  have  very  high 
pyroelectric  coefficients  and  may  lie  applied  in  thermometry  and  in  bolometric  sensing 
devices  (point  detectors)  of  infrared  radiation.  A  large  research  effort  is  at  present 
focused  on  extending  the  application  of  pyroelectrics  to  long  wavelength  ir  imaging 
using  both  vidicon  and  detector  array  schemes  (see  Infrared  technology; Temperature 
measurement ). 

Since  many  fermele  tries  are  high  hand-gap  insulating  crystals,  they  can  have 
good  transparency  in  bu.b  the  visible  and  near  ir  spectral  regions.  Qualitatively,  it  may 
he  expected  that  the  large  dielectric  polari'/ahility  w ill  lead  to  an  ability  to  modilV  the 
refractive  index  ellipsoid  iindicatnx)  under  electric  fields,  and  thus  to  high  linear  and 
quadratic  electrooptic  coefficients.  There  is  much  current  research  seeking  to  develop 
effective  broad-band  modulation  and  switching  techniques  tor  both  hulk  and  guided 
optical  waves  by  using  ferroelectric  electroopiic  structures.  Recently,  polycrystalline 
ceramic  ferroelectrics  have  been  processed  to  very  high  densities  and  good  optical 
transparency.  These  materials  possess  new  parameter  combinations  for  modulation 
and  imaging  devices. 

In  the  single-domain  stale,  many  fcrroelect  l  ie  crystals  also  exhibit  high  opt  ical 
nonlinearity  and  this,  coupled  to  the  large  standing  optical  anisot  ropies  I  birefringences) 
that  are  often  available,  makes  the  ferroelectrics  interesting  candidates  for  phase- 
matched  optical  second  harmonic  generation  (XHG). 

Finally,  a  most  important  area  of  applieat  ion  ul  iliz.es  I  he  interaction  between  the 
dielectric  polarization  and  the  electrical  transport  processes  in  ferroelec!  ries.  In  single 
crystals  the  effects  of  the  domain  polarizations  upon  the  drift  and  retrappmg  ot  pho¬ 
togenerated  carriers  give  most  interesting  photoferroeleet  rii  effects.  ( )f  mm  e  imme¬ 
diate  applicability,  however,  are  the  large  effects  of  the  dielectric  change'-  at  t  lie  ter 
roelectric  phase  transition  upon  the  potential  harriers  at  grain  •'•'■mdaries  in  Miuahlv 
prepared  semiconducting  ceramic  fcrroelect  rics  (see  Semiconductors!  Tin  m  barium 
t it anate- based  compositions  show  very  strong  positive  temperature  enelliei<  nts  of 
resistivity  (l’TC  effects)  and  are  finding  wide  application  in  lempciaUire  and  ,  urrent 
control  for  domestic,  industrial,  and  automotive  applications  (see  Semii ornhu  t mg 
PTC  Materials). 

Classifications 


A  ferroelectric  crystal  is  a  material  that  exhibits  one  or  more  ferroelectric  phases 
in  a  realizable  range  of  temperature  and  pressure.  In  the  ferroelectric  phase,  the  crystal 
is  spontaneously  electrically  polarized  and  the  polarization  has  more  than  one  possible 
equilibrium  orientation.  To  establish  fcrroelect ricitv  it  must  he  demons!  rated  that 
the  polar izat  ion  can  he  reoriented  between  orientation  states  hv  a  realizable  elect  ric 
field. 

Two  facets  of  this  rigorous  definition  ran  lead  to  pract  ical  dilficultv:  ( 1 1  it  is  often 
difficult  to  demonstrate  that  the  persistent  electrical  polarizations  in  a  crystal  are  an 
equilibrium  property  of  the  material, and  not  just  long  lived  induced  elect  ret  states; 
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and  (2)  the  requirement  of  rcorientabilitv  leads  to  a  conditional  definition,  which 
hinges  on  the  interpretation  of  what  should  he  a  realizable  field  for  any  given  insu¬ 
lator. 

Since  the  conditions  for  dielectric  breakdown  are  often  difficult  to  establish  and 
impossible  to  calculate,  there  must  be  a  “fuzziness”  at  the  edges  of  the  subject  for 
certain  materials.  This  problem  is  severely  compounded  il  the  crystal  is  semiconducting 
or  conducting,  or  if  the  structure  is  complex  so  that  individual  domains  are  difficult 
to  identify. 

There  is  some  debate  as  to  whether  certain  liquid  crystal  systems  and  polymers 
such  as  the  polytvinyiidene  difluorides)  should  be  included  in  the  class  of  ferroelectrics, 
and  the  problems  are  essentially  in  each  case  related  to  these  facets  of  the  defini¬ 
tion. 

Symmetry  Classification.  A  comprehensive  classification  of  all  possible  I'errn- 
eleetries  has  been  given  on  symmetry  grounds  (9  10).  It  has  been  shown  that  the  family 
of  rotation  and  rotation/inversion  operations  required  to  get  from  each  domain  state 
to  all  other  domain  states,  taken  with  the  domain  symmetry  in  the  ferroelectric  crystal, 
defines  a  prototype  symmetry  from  which  the  spontaneous  deformation  parameters 
of  the  domain  state  can  he  unequivocally  deduced,  ('(inversely,  for  each  possible 
prototypie  point  symmetry,  the  consequences  of  the  appearance  of  spontaneous 
(switchable)  polarization  can  he  tabulated,  so  that  all  possible  ferroelectric  species 
accessible  from  a  given  prototype  point  symmetry  are  immediately  evident. 

An  example  of  the  derivation  for  a  prototype  of  I hnmm  <  / )  point  symmetry 
is  given  in  Figure  2,  and  the  resultant  ferroelectric  species  are  tabulated  in  Table  1 
using  the  notation  of  Shuvalov  ( 10). 

In  many  ferroelectrics  it  is  intuitively  obvious  how  to  define  /’,,  since  the  prototype 
is  unpolarized  and  thus  all  polarization  is  switchable.  For  ferroelectrics  derived  f  rom 
polar  prototypes,  however,  the  definition  of  spontaneous  polarization  is  not  so  simple 
and  the  concept  of  a  prototype  is  more  important,  f  or  ferroelastie  crystals  a  similar 
tabulation  has  been  given  ( 1 1  12)  and  here  the  definition  of  t  lie  prototype  is  vital  since 
spontaneous  strain  has  no  meaning  witlmu*  reference  to  the  prototypie  form. 

It  may  he  noted  that  similar  symmetry-based  compilations  have  now  been  given 
for  all  ferromagnetic  species  (hit  and  recently,  in  general,  for  all  possible  ferroic  specie-. 
( 14-la). 

Other  Classification  Schemes.  Hard-Soft  Ferroelectrics.  In  the  earlier  lerroeleet  rie 
literature  a  classification  based  on  the  qualitative  elastic  properties  is  often  suggested. 
Hard  materials  like  (lie  ceramic  oxides  with  perovskito,  pyroohlore,  tungsten  bronze, 
and  bismuth  oxide  layer  structures  were  contrasted  with  the  softer  organic  and 
water-soluble  compounds  like  Rochelle  salt,  pota.  sium  dihydrogen  phosphate 
l7778-77-()j  and  other  ferroelectric  phosphates,  arsenates,  sulfates,  nitrate,-.,  and  ni¬ 
trites. 

Unfortunately,  however,  in  these  systems  the  dielectric  properties  a  re  riot  com 
mensural e  with  the  mechanical  proper!  ios,  and  the  oxides  are  in  general  mm  h  soiter 
dielectrically  (('uric  constant  ('  ca  10  ’  vs  (’  ca  1  O'  in  water  soluble  crvstaisl.  With  the 
evolution  of  the  subject  and  the  development  of  many  new  materials  with  intermediate 
properties,  this  classification  has  now  largely  fallen  into  disuse. 

Improper  or  Extrinsic  ferroelectrics.  In  most  ferroelectric  crystals,  the  parameter 
that  characterizes  the  phase  transition  into  the  ferroelectric  form  (the  primary  order 
parameter  for  the  transition)  is  the  electric  polarization.  I'.  Klastic,  piezoelectric. 
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Prototype  4 /mmm  Ferroelectric  species  4mm 

u 


Figure  2.  Pictorial  representation  of  Shuvalov  species  l/mmmll  )/)lF4rnm  ii 


optical,  and  thermal  changes  that  occur  may  be  regarded  as  essentially  secondary 
consequences  of  the  appearance  of  the  nonzero  P  vector. 

Recently,  it  has  become  apparent  from  studies  of  dielectrics  in  the  gadolinium 
molybdate  \N985-14-9\  (GdofMoOili)  (16-18)  and  langbeinite  |f>7.'120-fW-,5] 
(CdalNH.dzC^Or);))  (10)  families  t  hat  ferroelectricity  itself  might  arise  as  a  secondary 
consequence  in  a  phase  change  dominated  by  a  completely  different  order  parameter. 
If,  as  is  the  case  in  the  examples  quoted  above,  Ihe  order  parameter  is  of  different 
symmetry  from  the  polarization,  the  dielectric  properties  in  the  prototypic  phase  might 
be  quite  normal  and  Curie- Weiss  behavior  entirely  absent.  Crystals  in  these  families 
where  the  temperature-dependent  /’,  is  not  accompanied  by  high  dielectric  permit¬ 
tivity  are  efficient  pyroelectric  voltage  generators  and  are  under  intensive  study  for 
pyroelectric  imaging  applications  (20)  (see  Electrophotography). 

Antiferroelectrics.  In  view  of  the  analogy  with  magnetic  materials,  it  is  natural 
to  inquire  whether  in  dielectrics  there  are  systems  that  exhibit  antipolar  ordering  of 
elementary  electric  dipoles  and  thus  could  he  considered  analogous  to  t  he  antiferro- 
magnets.  Unfortunately,  however,  in  viewing  almost  any  ionic  crystal  with  a  centric 
structure,  sets  of  antipolar  dipoles  can  he  picked  out  and  in  this  simple  sense  the 
classification  is  not  meaningful. 
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Table  1.  Shuvalov  Species  for  Poinl  Symmetry  A/nimnr1  h 


Syngony  of 
initial  phase 

Kind  of  transition,  kind  of 
ferroelectric  phase 

Number 

of 

subtypes 

Corresponding  simple 
form  of  initial  phase 

Order  of 
transition 

tetragonal 

4/mmm{\  )I)\F\nim  !l 

pinacoid 

!1 

4/mmm{2)I)2Frnni'>$ 

2 

tetragonal  prism 

II 

4/mmm(\)A4Fni  |i 

ditetragonal  prism 

I 

4/mmm(4)A2Fm  ii 

2 

tetragonal  hi  pyramid 

1 

4/mmm(8M  1F1 !! 

ditetragonal  bipyramid 

1 

-  Kef.  10. 

b  In  the  Shuvalov  notation  the  first  group  of  symlxds  gives  the  prototype  symmetry  (4 hnmm ).  Parentheses 
enclose  the  number  of  orientations;  twice  this  numlwr  is  the  number  of  vector  directions  for  /  *.  The  symbol 
[)  indicates  the  orientations  are  definite  or  /\,  arbitrary,  with  respect  to  the  following  axis  or  plane.  'I'he 
symbol  F  indicates  a  ferroic  species,  and  the  final  block  of  symbols  the  point  symmetry  of  the  domain 
stale.  The  symbol  !!  indicates  that  the  lattices  of  domain  slates  are  parallel.  If  the  symbol  is  absent  they 
are  mutually  tilted.  Simple  forms  are  the  corresponding  solid  figures  whose  faces  are  normal  to  the  vector 
directions  of  /V  The  final  column  indicates  whether  the  transition  into  the  ferroic  state  can  be  continuous, 
II,  or  must  be  discontinuous  ( first-order),  1. 


There  are,  however,  within  a  number  of  the  ferroelectric  structure  families,  crystals 
that  exhibit  phase  changes  into  ferroelastic  forms  in  which  the  volume  of  the  primitive 
unit  cell  is  an  integral  multiple  of  that  in  the  prototype  structure  and  appears  to  he 
well  described  as  a  snperlaltice  of  two  interpenetrating  hut  compensating  ferroelec¬ 
tric-like  displacement  systems. 

For  several  of  these  si  rue)  tires  (lie  similarity  is  further  reinforced  bv  the  fact  that 
the  structure  may  lie  switched  to  a  strongly  polar  ferroelectric  form  by  a  suitably  ori¬ 
ented  high  electric  field,  and  it  may  lie  demonstrated  by  x-ray  analysis  that  the  su- 
perlattice  is  now  eliminated. 

The  term  antiferroelectric  is  now  reserved  for  such  crystals.  It  is  recognized  that 
the  dielectric  anomalies  at  the  phase  change  in  these  crystals  are  a  characteristic  of 
what  would  he  a  lower  temperature  ferroelectric  form  which  has  been  frustrated  by 
the  slightly  more  stable  antipolar  arrangement  occurring  first. 

The  phenomenon  of  doubled,  or  split  hysteresis,  which  occurs  at  the  field-induced 
antiferroelectric- ferroelectric  transitions  driven  by  cyclic  fields  is  an  expected  con¬ 
sequence  of  the  phase  change,  hut  is  in  no  way  definitive  without  corroborating 
structural  evidence.  Similar  looking  double  loops  can  occur  in  normal  ferroolectrics. 
owing  to  defect  dipoles  pinning  a  stable  domain  structure,  and  at  paraelectric-fer- 
roelectric  transitions  when  the  behavior  is  markedly  first  order. 

Domains  and  Switching 

An  internal  structure  of  spontaneously  electrically  polarized  domains  is  a  char- 
act  erist  ic  feature  of  the  ferroelecl  ric  phase,  so  that  lor  most  practical  appiieat  ions  of 
ferroolectrics  it  is  necessary  to  ascertain  how  this  domain  structure  will  modify  the 
required  properties  and,  often,  how  it  may  he  controlled  or  eliminated  to  optimize 
performance. 

The  planes  along  which  individual  domains  conjoin  are  termed  domain  walls, 
and  the  process  of  polarization  reversal  or  reorientation  under  high  lields  is  accom¬ 
plished  by  the  motion  of  exist  ing  walls,  or  by  the  creation  and  motion  of  new  domain 
walls. 
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For  each  ferroelectric  species,  conditions  lor  the  permitted  orientations  of  /’,  in 
the  domain  structure  are  dictated  hv  tin*  prototype  symmel  ry,  which  also  determines 
whether  the  state  will  he  fully,  part  ially,  or  non  fer  roe  last  ic.  II  contiguous  domains  are 
strain-distinct,  the  conjoining  ferroelectric  Icrmclaslic  wall  has  only  a  limited  family 
of  possible  orientations  which  are  rigorously  prescribed  by  t  lie  conditions  for  dimen¬ 
sional  com  pat  ibility  between  the  t  wo  domains  along  the  wall  plane.  I  'snail  v  I  but  not 
always)  the  permitted  wall  is  a  common  high  symmetry  plane  in  t he  prototype,  which 
was  lost  on  the  appearance  ol  l\  Condition  of  compatibility  have  been  ge-oe-i  -illy 
formulated  lor  all  ferrocla.stic  lerrnele-etric  walls  C!1  21 M.  These  ferroela-i  !■  domains 
in  transparent  ferine  led  r  ic  crystals  are  readily  observed  in  the  polarizing  microscope. 
Domains  that  are  eiistiiu  t  in  si  ram.  a  second  rank  point  tensor  properl  \ .  mu  -1  also 
be  (list  i  net  in  all  ol  her  second  -rank  polar  tensor  proper!  ies.  and  are  thus  necessarily 
distinct  in  optical  permeability.  Examples  lor  several  different  species  are  given  in 
Figure  T 

The  switching  behavior  of  fcrmelasl ic  ferroelect  ric  walls  depends  markedly  on 
the  magnitude  and  the  nature  of  the  spontaneous  domain  strains,  which  can  vary 
w  idcly  even  between  fc  rroelectric'-  in  the  same  structure  family.  In  cases  when  the 
Strains  are  large,  switching  that  is  not  carelulh  controlled  can  cause  stress  concen¬ 
trations  sufficient  to  crack  the  crystal,  and  fatigue  effects  arc  often  evidenced  on  re¬ 
peated  switching.  The  problem  is  most  acute  in  polycrystalline  ceramic  ferroelect rics, 
which  have  to  he  poled  to  a  high  saturation  romanence  for  piezoelectric  applications 
(see  under  Applications).  In  those  systems  both  the  elastic  and  electrical  boundary 
conditions  on  the  individual  crystallites  arc  complex  fund  ions  of  I  he  crystallite  size, 
size  distribution,  ferroelectric  phase  assemblage,  minor  phase  additions,  and  poling 
conditions.  Residual  stresses  left  after  poling  do  cause  slow  continuing  changes  in  the 
domain  assemblage  and  I  he  continuous  aging  which  is  an  undesirable  leal uti.  in  the 
properties  of  these  ceramics. 

For  nonferroolastie  domains,  ic.  nutipol.tr  domain  structures  originating  from 
centric  prototypes,  all  conjoining  planes  are  c  last ically  compatible  and  wall  st  ruet tires 
generally  appear  more  tortuous.  Generally,  planes  parallel  to  /*  appear  to  lie  piefc  rred 
and  would  he  expected  to  he  so  since  the  normal  component  of  displacement  items* 
such  planes  i>  preserved  Figure  2c  and  cl  show  typical  ant i polar  struc  tures  in  HaTiO  , 
and  in  triglycine  sulfate  j.‘W.T2P-  /  j.  ( MII.CI  I  ( 'Ot  >H  >  ■.)  I.  S( ) .  (TGS). 

Theoretical  calculations  (22  2-1 )  and  expc  rime  nlal  observation  l2o  :!(!)  <  oiifii  m 
that  the  width  of  such  simple  ferroelect  ric  walls  is  exceedingly  narrow,  with  I  be  po¬ 
larization  changing  aimipt ly  across  only  a  few  unit  cells  of  the  structure 

Very  extensive  st  lid  i(  s  have  been  made  of  t  he  switching  behavior  of  simple  an - 
tipolar  ferroelect  ric  domains  for  HaTiO  .•  (2  V ).  I  ( IS  (2SI.  and  ol  her  simple  terreiclectrics 
(29).  The  kind  ics  can  be1  described  hv  measuring  the  t ime  taken  for  reversal  of  the 
polarization  under  different  levels  of  d  c  driving  field  /•.'  and  has  been  shown  to  follow 
an  equation  of  the  form 

f,  «  exp  (<>//•;) 

where  f,  is  the  time  required  for  switchings,  cc  is  a  constant  with  the  dimensions  of  a 
field  (called  the  activation  field),  and  /•,'  is  the  applied  driving  field. 

The  equation  is  valid  Idr  several  materials  over  quite-  a  wide  range  of  fields,  hut 
at  very  high  field  levels  the  timing  appears  to  change  over  to  a  power  law  of  the 
form 

l  ,  <>  " 
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where  n  varies  from  1  to  7  in  different  systems  (80). 

In  HaTiO  t  the  hulk  switching  relation  Iras  lieen  effectively  correlated  to  the  in¬ 
dividual  domain  wall  motion  which  appears  to  follow  a  relation  (111 ) 

v  =  t>„  exp  {—b/K) 

where  the  constant  6  appears  to  depend  somewhat  on  the  defect  concentration  in  the 
crystal,  u  is  the  wall  velocity  under  driving  field  E,  and  r.„  a  constant  for  the 
crystal. 

It  was  noted  quite  early  (.‘12)  that  since  the  domain  wall  is  very  narrow,  the  energy 
gained  by  moving  the  wall  just  one  lattice  constant  is  necessarily  very  much  smaller 
than  the  wall  energy  itself,  and  thus  true  continuous  sidewise  motion  of  the  wall,  as 
occurs  for  many  magnetic  domain  walls,  is  most  unlikely. 

The  model  that  does  appear  to  explain  the  behavior  is  that  the  apparent  sidewise 
motion  of  walls  is  caused  by  the  nueleation  and  growth  of  step-like  protrusions  on 
existing  180°  walls.  An  analysis  of  this  model  was  given  (.');!)  to  explain  the  exponential 
behavior  in  the  low  field  region.  The  model  was  then  extended  (,‘UI  to  account  lor  the 
power  law  behavior,  and  a  more  recent  general  formulation  covering  both  regimes  has 
been  published  (3.r>). 

The  narrow  domain  wall  has  most  important  consequences  in  the  major  practical 
application  of  ferroelectrics  in  capacitor  dielectrics.  Since  critical  si/e  nuclei  occur 
only  very  infrequently  at  low  fields,  reversible  wall  motion  does  not  contribute  in  a 
major  way  to  the  dielectric  response,  and  the  capacitor  engineer  must  manipulate  the 
soft  single-domain  ferroelectric  and  the  paraelectrie  permittivity  to  satisfy  system 
requirements. 

Similarly ,  the  device  engineer  who  wishes  to  exploit  the  apparent  bistability  of 
the  dielectric  hysteresis  must  he  aware  that  the  ferroelectric  coereivitv  is  due  to  the 
"knee”  on  an  exponential  curve,  and  1  hat  given  time  or  frequent  reverse  pulsing,  the 
ferroelectric  may  change  polarization  state  for  fields  much  below  the  apparent  GO  11/ 
coereivitv. 

Ferroelectric  Materials 

Perovskites.  The  simple  cubic  porovskite  structure,  which  is  the  high  temperature 
form  for  many  mixed  oxides  of  (he  ABO.i  type,  was  one  of  the  first  simple  structures 
to  exhibit  compounds  with  ferroelectric  properties  and  is  still  probably  the  most  im¬ 
portant  ferroelectric  prototype. 

The  very  simple  cubic  structure  (point  symmetry  m3m)  (Fig.  1)  is  made  up  of 
a  regular  array  of  corner-sharing  oxygen  oetahedra  with  smaller  highly  charged  cations 
like  Ti,  Sn,  Zr,  Nb,  Ta,  W,  etc,  occupying  the  central  octahedral  B  site,  and  lower- 
charged  larger  cations  like  Na,  K,  Hb,  Ta,  Sr,  Ba,  Pb,  etc,  filling  the  interstices  between 
oetahedra  in  the  larger  12-coordinated  A  sites. 

The  simple  ABO.i  compounds.  BaTiOs.  I’bTiO  i  (/2O6'0-00-.'f|,  PI)ZrO<  1 12060- 
01- 1),  NnNbO.i  [  1201!  1-09-2],  KNhO.i  |/2(>.W-8.')-l>|,  AgNbO.,  |/2:«.».9.5W-/>),  WO, 
[/d/l-.'fVS],  have  interesting  high  temperature  ferroelectric  or  antiferroeleetric  phases. 
The  perovskite  structure  is,  however,  also  tolerant  of  a  very  wide  range  of  multiple 
cation  substitution  on  both  A  and  B  sites,  so  tiiat  many  more  complex  compounds  such 
as  ( K i c'Bii,  dTiOt,  l’b( l'e,/ .  1'a,  AO,,  PbtCo,  ,Mni/|\Vi  AOi  ran  be  prepared. 

Barium  titanale  was  the  first  pcrovskitc-type  compound  shown  to  be  ferroelectric 
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Figure  3.  Kxamples  of  ferrnelastic- ferroelectric  and  antiparallel  domains.  (a)  rerroelastu  terr<>e 
ieclric  £K)  domains  in  RiT iO<.  Crystal  dimensu^ns  an*  ca  f>.7  X  0.7  X  (),t).r»  mm.  Polarized  NaP  light.  Pins 
indicate  orientations  of  tetragonal  r  axis.  I  b »  Ferroelastic  ferroelectric  domains  in  gadolinium  molybdate 
( id^t MoO.ti  j.  (xWU  «c)  Antiparallel  dnm  nns  in  triglycine  sulfate.  Top  and  bottom  Mirface  of  a  plate  cut 
;  rpendicuiar  to  the  polar  h  axis,  etched  in  water  to  reveal  the  structure  Id)  Antiparallel  domain  m  BaTiO , 
c  domain  crystal  revealed  by  etching  in  HF. 


(ca  1943)  and  is  to  date  the  most  thoroughly  investigated  ferroelr-  trie  material  (3(5). 
This  is  essentially  a  consequence  of  its  relatively  simple  lattice  structure  (see  Fig.  4), 
allowing,  by  means  of  simple  models,  an  understanding  of  ferroelectric  phenomena. 
In  addition,  BaTiO, i  proved  to  he  ideal  in  applications  because  its  electrical  properties 
can  be  controlled  within  a  wide  range  by  means  of  mixed  crystal  formation  and 
doping. 

The  characteristic  feature  of  the  BaTiO.i  unit  cell  (Fig.  4)  is  the  TiOs-octahedra, 
which  because  of  their  high  polarizability,  essentially  determine  the  dielectric  prop- 
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Figure  3.  iCnhtinucd) 


erties.  '[he  high  polarizability  is  due  to  the  fact  t  hat  the  small  Ti14  :011s  have  relatively 
more  space  within  the  oxygen  oetahedra.  The  cubic  unit -cell  of  Figure  4  with  the  Ti4+ 
ion  in  the  center  of  the  oxygen  octahedron  is,  however,  stable  only  above  the  Curie 
point  T,  of  about  1  :tO°C.  Below  T,  the  Ti4*  ions  occupy  off-center  positions.  This 
transition  to  the  off-center  position  at  T,  results  in  a  series  of  important  physical 
consequences  (Fig.  f>).  The  crystal  structure  changes  from  cubic  ( T  >  1,'1()°C)  via  te¬ 
tragonal  <+.r>°C  <  T  <  +  i:!()°C;  c/a  =  1.01)  and  orthorhombic  (— 90°C  <  7’<+5°C) 
to  rhombohedral  (7’  <  — 90°C).  At  the  same  time  a  spontaneous  polarization  l\  t‘26 
pC/crn4  at  room  temperature)  appears,  the  direction  of  which  is  in  the  tetragonal  phase 
along  one  of  the  6  edges,  in  the  orthorhombic  phase  along  one  of  the  12  surface  diag¬ 
onals,  and  in  the  rhombohedral  phase  along  one  of  the  8  space  diagonals  of  the  ideal 
cubic  unit  cell.  The  direction  of  can  be  switched  by  high  electrical  field  (ca  12 
kV/cm)  between  the  different  crystallographic  allowed  positions  which  are  charac¬ 
teristic  in  each  ferroelectric  phase. 
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Figure  4.  Cubic  (mTlm )  prototype  structure  of  perovskite-type  AHOj  compounds.  For  Halil  >  1.  A 
=  Ba*+,  B  =  Ti4*,  and  0  =  CP". 


Figure  5.  Crystal  structure;  lattice  distortion  of  the  unit  cell  and  direction  of  spontaneous  polarization; 
dielectric  constant  in  dependence  on  temperature  for  a  BoTiOa  single  crystal.  The  subscripts  a  and  c  relate 
to  orientations  parallel  and  perpendicular  to  the  tetragonal  axis,  respectively. 


At  the  temperatures  of  the  phase  transitions,  maxima  of  the  dieleet t  ic  constant 
up  to  10,000  are  found.  Moreover,  in  the  ferroelectric  stale  below  T,  the  material  be¬ 
comes  pyroelectric  and  shows  high  piezoelectric  activity. 

Perovskite-type  compounds  and  especially  BaTiOa  have  the  ability  to  form  ex¬ 
tensive  solid  solutions.  By  this  means  a  wide  variety  of  materials  with  continuously 
changin';  electrical  properties  can  be  produced  in  the  polvcrystalline  ceramic  state. 
By  substituting  Ba-*  ions  with  Pb-+  ions,  7’,  can  be  increased  linearly  up  to  -I90°C 
for  a  100r<  l’h  substitution.  I11  the  same  manner,  T,  can  he  continuously  decreased 
by  the  substitution  of  Bav+  withSr-+  orofTi,+  withZr14  orSn4+  (Fig.  <>).  Simulta¬ 
neously  with  the  change  of  7’,.  by  formation  of  solid  solutions,  the  low  temperature 
phase  transitions  between  the  tetragonal  orthorhombic  and  orthorhombic  rliom- 
bohedral  phases  are  shifted  in  a  rather  complex  manner. 

Pb7.rO} -PbTiO} -Riser/ Materials.  Since  the  middle  of  the  19,r>0s,  solid  solutions 
of  l’hZrOa-l’bTiOa  ceramics  with  perovskite  structure  have  gained  rising  interest 
because  of  their  superior  piezoelectric  properties  (8,117  88).  The  phase  diagram  of  the 
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Figure  6.  Shift  of  the  Curie  point  of  BaTiO  i  by  substitution  of  Ba2+  ions  by  Pb2+,  Ca2 * ,  or  Sr-*  ions, 
or  of 'IV*  ions  by  7.r4*  or  SnJ*  ions  (8). 


Pb(Zr,Tii_x)0;l  system  is  shown  in  Figure  7.  At  high  temperatures  above  Tc,  the  ideal 
cubic  paraelectric  structure  is  stable,  where  no  ferroelectric  phenomena  such  as 
spontaneous  polarization  appear.  At  room  temperature  the  materials  are  ferroelectric 
and  show,  for  Ti-rich  compositions  (0  <  x  <  0.52),  a  tetragonal  distortion  of  the  unit 
cell,  whereas  compositions  with  lower  Ti  content  (0.52  <  x  <  0.94)  have  rhombohe- 
drally  distorted  unit  cells.  Both  phases  are  separated  by  a  morphotropic  phase 
boundary  at  v  =  0.48.  Compositions  near  the  Zr  side  of  the  system  (0.94  <  x  <  1 )  are 
antiferroelectric  with  orthorhombic  structure.  The  direction  of  the  spontaneous  po¬ 
larization  /*„  is  along  one  of  the  edges  of  the  unit  cell  for  tetragonal  distorted  compo¬ 
sitions  and  along  one  of  the  space  diagonals  for  rhombohedral  distorted  composi¬ 
tions. 

Today  a  third  or  even  a  fourth  and  fifth  phase  of  a  complex  perovskite  as,  for 
example,  Pb(Mgi/;|Nl)j/.i)0,!  is  added  in  addition  to  PbTiOa  and  PhZrO:1  when  forming 
the  solid  solution  (39).  In  the  same  manner  ca  20  different  elements  with  similar  ionic 
radii  can  be  substituted  in  place  of  Mg  or  Nb,  leading  to  a  huge  number  of  possible 
combinations  and  a  multitude  of  compositions  having,  however,  generally  comparable 
properties.  At  low  coneentrations  of  a  complex  perovskite  addition,  the  phase  rela¬ 
tionships  of  the  quasi-binary  composition  are  maintained.  Increasing  amounts  of  a 
complex  perovskite  reduces  T,  and  pseudocuhic  phases  begin  to  appear. 

Taken  together  with  the  fact  that  there  is  often  a  wide  range  of  crystalline  solid 
solubility  between  end-member  compositions,  and  that  the  ferroelectric  and  anti¬ 
ferroelectric  Curie  temperatures  and  consequent  properties  ap|>car  to  mutate  con¬ 
tinuously  with  fractional  cation  substitution,  the  perovskite  system  has  the  desired 
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versatility  for  the  very  extensive  applications  discussed  in  the  following  sections  on 
ferroelectric  ceramics. 

Perovskite-Related  Octahedral  Structures.  Lithium  Mobile.  LiNbO.-,  \  1203 1-63-9] 
and  LiTaOs  [ 12031-66-2 ]  have  a  structure  related  to  the  perovskites,  but  of  lower 
symmetry  (3m),  due  to  the  fact  that  the  oxygen  octahedra  share  edges  (Fig.  8).  In  se¬ 
quence  along  the  trigonal  c  axis  in  the  low  temperature  ferroelectric  phase,  the  octa¬ 
hedra  are  occupied  in  the  sequence  Nb(Ta),  vacancy,  Li,  Nb(Ta),  vacancy,  and  Li 
(41). 

Because  of  the  very  high  Curie  temperatures  (ca  1200°C  in  LiNbO:t,  620°C  for 
LiTaOa),  the  prototypic  character  has  not  been  well  established  in  the  niobate,  but 
judging  from  the  tantalate  it  does  appear  that  the  Nb  ion  is  in  the  center  of  the  oxygen 
octahedron,  whereas  the  lithium  ion  is  in  dynamical  equilibrium  between  displaced 
positions  above  and  below  the  triangular  ring  of  oxygens  (40). 

The  ion  displacements  in  the  ferroelectric  phase  are  exceedingly  large,  corre¬ 
sponding  to  the  observed  spontaneous  polarizations  of  50  pC/cm2  in  the  tantalate 
and  ca  70  p C/cm2  in  the  niobate.  Because  of  these  large  displacements,  poling  is  usually 
carried  out  at  elevated  temperatures  (42),  and  switching  at  room  temperature  was 
only  recently  demonstrated  with  very  high  pulsed  fields.  (43). 

Lithium  niobate  is  widely  used  in  the  single-domain  form  for  both  piezoelectric 
(44)  and  electrooptic  devices  (45).  The  tantalate  has  a  wide  application  in  simple  py¬ 
roelectric  point  detectors  (40)  and,  more  recently,  for  acoustic  wave  devices  (47). 

Tungsten  Bronze  Structures.  The  tungsten  bronze  family  has  an  oxygen  octahedral 
framework  structure  that  is  much  more  open  than  the  simpler  perovskite  structure 
(Fig.  9).  The  basic  tetragonal  unit  cell  (Fig.  9)  contains  10  DO(;  <ictahedra  corner-linked 
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(£)  Nb4’  or  Ta4* 

o  Oxygen  0? 


Figure  8.  Structure  of  ferroelectric  LiNbC>3  and  LiTaOa  (40). 

to  form  square,  triangular,  and  pentagonal  tunnels  that  extend  through  the  structure 
along  the  4-fold  symmetry  (c)  axis  (48).  The  c  axis  linkage  is  regular,  but  in  the  a  and 
b  directions  the  linkage  is  markedly  puckered  (see  also  Copper  alloys). 

There  are  two  types  of  A  sites  (.4j,  A->)  that  can  be  occupied  by  large  monovalent, 
divalent,  or  trivalent  ions,  two  different  B  sites  (/(,,  B  >)  that  are  usually  occupied  by 
smaller,  highly  charged  cations  (Nb,  Ta,  W,  Ti),  and  a  small  C  site  which  may  be  vacant 
or  occupied  by  Li  (49-51). 

Lead  metaniobate  |/20d/-88-7],  PbNb^Or,  (52),  and  metatantalate  1/2065-68-8], 
PbTa-206  (53),  appear  to  be  anomalous  as  bronzes,  and  in  both  these  useful  ferro- 
electrics  the  bronze  form  is  a  metastable  structure  at  room  temperature  (54). 

In  general,  the  bronzes  appear  to  be  solid  solutions  of  at  least  two  components, 
and  a  certain  degree  of  disorder  appears  conducive  to  stabilizing  the  structure. 

Among  compounds  of  interest  besides  PbNb'/X;  and  PhTaTV,  are  Ba,  Sri  Nli-jOr, 
and  Ba2NaNb.-,Oi5  [12323-03-1  j.  The  metaniobate  is  still  widely  used  in  poled  ceramic 
form  as  a  low  Q  piezoelectric  transducer  (55-56)  the  Bao.r.SrosNb-jO,;  [37/85-09-1] 
composition  in  single-crystal  form  in  pyroelectric  point  detectors  (57-58),  and  the 
barium  sodium  niobate  and  various  similar  derivative  compositions  for  their  very  high 
nonlinear  optical  properties  (59-60). 

Bismuth  Oxide  Layer  Structures.  The  structural  arrangements  in  these  materials 
are  typified  by  PbBijNbjO.i  [12131-20-8]  (Fig.  10).  The  structure  may  be  visualized 
simply  as  a  stacking  of  regular  perovsk ite-like  (PbNb'O;)-"  double  sheets  of  corner- 
linked  NbO,,  octahedra  interleaved  by  (Hi  .0_>)-4  layers  along  the  tetragonal  4-fold 
axis.  It  appears  possible  to  develop  structures  of  this  character  with  single  (BiAYO,-,) 
[L'(59-5-8()-.7|,  double  (PbBi  -NbjO.,),  triple  (Bi|Ti:tO|2)  1 12010-77-4],  and  up  to  five 
perovskite  layers  interleaving  the  bismuth  oxide  sheets  (61).  Extensive  cation  re¬ 
placement  appears  possible  within  the  perovskite  layers,  though  the  conditions  are 
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Figure  9.  Projection  of  the  tungsten  bronze  structure  looking  down  the  tetragonal  v  axis  (48). 

rather  more  restrictive  than  in  pure  perovskites  (62),  hut  bismuth  cannot  be  replaced 
by  any  comparable  trivalent  ion  in  the  (BCCF)”*  sheets  (63). 

In  almost  all  these  sheet  structures,  the  ferroelectric  phases  have  spontaneous 
polarizations  that  lie  in  the  plane  of  the  perovskite  sheets,  and  the  ferroelectric  sym¬ 
metry  is  mm 2  (64). 

Bismuth  titanate  is  unique  in  transformin';  directly  at  675°C  to  a  low-symmetry 
monoclinic  ferroelectric  phase  (65)  in  which  ihe  domain  states  have  a  polarization 
vector  tilted  slightly  (ca  4°)  out  of  the  plane  of  the  sheet  (66). 

This  tilted  vector  gives  a  very  small  monoclinic  shear  to  the  unit  cell  (less  than 
2  minutes  of  arc)  hut  a  major  tilt  to  the  optical  indicatrix  (ca  60°)  (67).  The  very  un¬ 
usual  optical  situation  in  this  crystal  has  been  used  for  optical  image  storage  (68-  69) 
and  to  develop  an  optical  page  composer  for  holographic  information  storage  (70)  (see 
Holography). 

Pyrochlore  Structures.  Fcrroelectricity  was  first  discovered  in  rd.Nb.O7 
( 12187-11-3]  in  1952  (71).  The  structure  is  again  based  upon  a  corner-sharing  ar¬ 
rangement  of  NbOfi  octahedra  with  the  larger  0dM  ions  and  the  extra  set  of  oxygens 
occupying  the  interstices.  A  projection  of  the  structure  onto  the  ( 1  lt)|  plane  is  shown 
in  Figure  11.  This  family,  like  the  lithium  niobate  family,  is  very  restricted  in  Ihe  cation 
substitutions  that  can  he  made,  and  similar  properties  have  been  found  only  in  the 
CdjTajO:  \1 2050-35-0]  and  corresponding  lead  compounds  l’b/l’avOv  1 12065-6H-8], 
Ph  iNh'.OT  \ 1 2059-61-2].  In  all  cases  the  Curie  temperatures  are  low,  below  200  K 
(72). 

Very  recently,  very  strong  ferroelectric  behavior  (7V  >  1300°C)  in  Sr_>Nb-.:07 
[12201-67-1]  has  been  observed  (73),  but  the  structure  type  is  monoclinic  and  more 
complex  than  the  cubic  pyrochlore. 
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Figure  10.  One-half  of  the  tetragonal  (4/mmm)  unit  cell  of  PhHi  .NhjO.j.  A  denotes  the  pt  fuv 
skite  layer  (I’bNIuO;)--,  H  denotes  the  unit  of  a  hypothetical  l’hNbOa;  C  denotes  the  (BiaOj)-*  layers. 


KDP  Family.  Potassium  dihvdrogen  phosphate  and  the  isomorphous  ruhidiutn 
and  cesium  phosphates  RbHoPOa  [f877-/-/6-8],  CsHTOi  [186-li)-05-:i\.  and  arsenates 
(RhHoAsO.i  |/3/6’/-5  7-8],  CsH„AsOi  (/6Y>.'//-8.5-/|)  were  the  first  major  family  of 
ferroelectrics  to  be  discovered  (74-75).  The  structure  is  relatively  simple  (Fig.  12), 
being  based  on  an  arrangement  of  PO.,  tetrahedra  in  layers  so  that  the  upper  corners 
of  the  tetrahedra  in  one  layer  are  hydrogen  bonded  to  the  lower  corners  of  the  tetra¬ 
hedra  in  the  next  successive  layer.  The  PO.i  tetrahedra  alternate  with  potassium  atoms 
at  distances  c/2  apart  in  the  tetragonal  unit  cell  (70). 

It  is  of  interest  that  the  hydrogen  bonds  which  play  a  major  role  in  the  ferroelectric 
ordering,  lie  in  planes  orthogonal  to  what  becomes  the  polar  axis  of  the  ferroelectric 
orthorhombic  phase.  The  symmetry  above  T,  is42/n  and  in  tlu*  prototypic  structure 
the  protons  are  tunneling  between  off-center  positions  along  the  bond  direction. 

In  the  single-domain  ferroelectric  phase,  the  protons  order  along  the  bonds  in 
such  a  manner  that  they  are  all  near  upper  or  lower  oxygens  of  the  tetrahedral  phos¬ 
phate  groups,  and  it  is  this  coupling  that  pushes  the  phosphorus  and  potassium  from 
the  high-symmetrv  positions  giving  rise  to  a  switchahle  moment  along  the  c  axis. 

The  key  role  of  the  hydrogen  bonds  in  the  transition  leads,  as  expected,  lo  a  strong 
dependence  of  the  phase  transition  temperature  upon  deuteration  (77)  and  DROP, 
KDjPOj  | 79-Oj,  is  used  in  some  elect  moptic  devices  (78)  because  of  its  larger 
longitudinal  electrooptic  coefficients  in  the  paraelectric  phase. 

In  fact,  all  major  applications  of  KDP  family  materials  use  properties  in  the 
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Figure  ;  I.  Schematic  projection  of  the  cubic  (m3m )  structure  of  the  Cd  .Nb^O;  on  |l  10)  plane  The 
Cd  ions  that  overlap  the  Nb  ions  at  (1/8. 1 /HI  etc,  and  the  seventh  set  of  oxygens  that  arc  heated  alaive  and 
below  the  Cd  ions  are  not  shown. 


Figure  12.  Unit  cell  of  KH-J’Cb  in  tetragonal  42m  prototype  structure  (76). 


paraclectric  prototypic  form.  Frequently,  the  properties  are  far  from  ideal,  but  the 
tractable  water  solution  growth  of  KDP  has  permitted  large  crystals  of  excellent 
quality,  which  are  difficult  if  not  impossible  to  duplicate  in  the  more  desirable  re¬ 
fractory  oxides. 

Triglycine  Sulfate.  Strictly  speaking,  triglycine  sulfate  (79-80)  (TGS)  is  not  rep¬ 
resentative  of  a  wide  range  of  isomorphous  structures,  although  the  isomorphous 


Vol.  10 


FLRROELECTRICS 


19 


selenate  [920- 2.5-2 ]  (81)  and  fluornhcryllate  |2.796- 72-7)  (82)  do  have  similar  prototypic 
structures.  There  is,  however,  a  muc  h  wider  ran^e  of  glycine containing  ferroeleclrics 
(5,6)  in  which  the  glycinium  molecule  plays  a  major  role  and  (TC.S)  is  suitably  illus¬ 
trative. 

A  projection  of  the  TGS  structure  along  the  c  axis  of  the  monoclinic  unit  cell  is 
shown  in  Figure  13.  The  unit  ceil  contains  three  inequivalent  glycine  molecules  lal>clcd 
I,  II,  and  III,  and  all  participate  to  some  extent  in  the  development  of  the  ferroelectric 
moment  which  is  confined  to  the  b  direction  (±/’/<)  A  major  part  of  this  moment  does, 
however,  appear  associated  with  the  planar  glycinium  ion  which  makes  an  angle  of 
12.5°  with  the  plane  at  b  =  1/4.  Above  7’,  this  plane  (and  the  corresponding  plane  at 
b  =  3/4)  become  mirror  planes  owing  to  random  statistical  distribution  of  the  glycinium 
I  ions,  which  order  at  the  Curie  temperature  (7J). 

TGS  has  a  near  second -order  phase  change  to  the  ferroelectric  form  at  49°C,  and 
exhibits  a  spontaneous  polarization  Ps  ca  4  fiC/cm 2  at  roo.a  temperature  (80).  The 
convenient  location  of  T,  and  the  easy  water  solution  growth  of  very  perfect  TGS 
crystals  make  this  a  popular  single  crystal  material  for  pyroelectric  detectors  (81),  and 
particularly  for  the  demanding  application  in  pyroelectric  vidicon  systems  (82). 
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Preparation  of  ferroelectric  Ceramics 

Ferroelectric  ceramics  are  composed  of  oxide  compounds  having  generally  the 
perovskite  structure  (Fig.  4),  eg,  RaTiO.i  or  Pb(Zr,Ti)0;i.  They  are  produced  in  suc¬ 
cessive  steps  as  follows  (see  also  Ceramics). 

Powder  Preparation.  Conventional  ( Mixed  Oxide)  Methods.  As  raw  materials, 
mostly  oxides  (TiO-j,  ZrO^,  I’hO)  or  carbonates  (RaCO  ,,  SrC0;(,  CaCO:!)  are  used  which 
have  to  meet  certain  application-dependent  specifications  with  respect  to  purity  and 
grain  size  distribution.  The  final  powder  product  with  perovskite  structure  is  formed 
by  a  solid  state  reaction  (calcination)  of  these  starting  raw  materials  (8,81?).  A  typical 
example  is 

Ba('Oa  +  Ti02  *  BaTiOa  +  C02t 

Usually  the  required  product  is  a  fully  homogeneous  compound  having  perovskite 
structure  with  small  particle  size  (<1  pm)-  The  solid-state  reaction  occurs  by  solid  state 
diffusion  with  a  relatively  slow  diffusion  rate.  'Therefore,  small  diffusion  distances 
or  high  calcination  temperatures  are  necessary  to  complete  the  reaction.  Since,  how¬ 
ever,  high  calcination  temperatures  will  result  in  coarse-grained  powdershaving  un¬ 
suitable  sintering  properties,  the  diffusion  distance  must  be  minimized.  This  can  be 
achieved  by  intimate  mixing  or  milling  procedures  (dry  or  wet  using  water,  alcohol 
etc)  of  the  ingredients.  Mixing  and  milling  times  are  also  limited,  however,  because 
long  times  lead  to  increasing  impurity  concent  rations  by  mechanical  abrasion  of  the 
milling  equipment. 

The  powder  preparation  usually  proceeds  with  due  regard  to  the  principal  facts 
just  mentioned,  as  follows:  (/)  weighing  of  the  raw  materials;  (2)  intimate  mixing  or 
milling  (dry  or  wet)  for  1  to  10  h  using  porcelain,  SiO^,  or  AUO.(  materials  for  equip¬ 
ment;  (3)  calcination  1  to  10  h,  1050  to  1200°C  (800  to  900°C  for  Fb-containing  ma¬ 
terials);  and  (■/)  again  intimate  mixing  or  milling  (dry  or  wet)  for  1  to  10  h  for  a  further 
homogenization  and  for  crushing  of  agglomerates. 

Wet  Chemical  Methods.  Preparation  by  wet  chemical  methods  affords  a  modern 
means  for  achieving  high  homogenization  on  the  atomic  scale  during  calcination  of 
the  different  elements  that  form  the  perovskite  compound.  Moreover,  these  methods 
include  the  possibility  of  producing  very  pure  materials. 

Currently  several  methods  for  wet  chemical  preparation  of  ferroelectric  ceramics 
are  used  (mostly  on  laboratory  scale): 

(1)  Thermolysis  of  compounds  consisting  of  the  critical  elements  in  an  exactly 
defined  stoichiometric  ratio  in  a  closely  packed  arrangement  on  the  atomic  scale. 
Examplesare:  preparation  of  LaFeOt  \  1 2022-13-1 1  from  La[Fe(0N)t;]  (84)orof  BaTiOa 
from  BaTi0((T0,)  >.4H_>0  (85). 

(2)  The  homogeneous  distribution  of  the  different  ions  in  a  liquid  solution  that 
is  nearly  ideal,  even  on  an  atomic  scale,  can  be  transferred  into  the  solid  state  by  proper 
chemical  processes:  coprecipitation  of  the  different  ions  from  aqueous  solutions  (eg, 
preparation  of  Pb(Zr,Ti)0.j  (SO);  precipitation  from  metal  aleoholatcs  by  hydrolysis 
(eg,  BaTiOa)  (87)  and  (Pb,I,a)(Zr,Ti)0.t  (88)  (see  Alkoxides,  metal);  precipitation  from 
aqueous  solutions  by  spraying  into  a  liquid  in  which  there  is  no  solubility  (eg,  prepa¬ 
ration  of  BaTiOa  by  spraying  an  aqueous  Ba- --'Pi-citrate  solution  into  concentrated 
ethanol)  (89);  reaction  of  an  aqueous  citrate  solution  with  a  polyhydric  alcohol  (eg, 
ethylene  glycol)  to  form  an  organic  glass  (polyester  resin)  (90). 
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The  preparation  methods  according  to  (/)  are  restricted  to  the  existence  of  a 
suitable  compound  and  are  not  suited  for  the  preparation  of  mixed  crystals  or  doped 
materials.  The  last  two  methods  according  to  (2)  seem  to  he  most  universally  appli¬ 
cable. 

The  formation  of  the  perovskite  compound  again  occurs  by  a  calcination  process 
that  works  at  much  lower  temperatures  if  compared  with  the  conventional  mixed -oxide 
methods. 

Shaping.  Various  amounts  of  binders  (mostly  organic  compounds!  are  added  to 
the  powders  for  better  rheological  properties.  “(Ireen"  ceramic  bodies  (density  ca 
00-60%)  can  then  be  easily  shaped  by  a  large  variety  of  conventional  ceramic  processes 
such  as  pressing  (disks),  extrusion  (tubes),  rolling,  and  slip  casting.  Thin  sheets  (Cot) 
pm)  are  made  by  pouring  a  controlled  thickness  of  special  slip  onto  a  polished  metal 
belt,  then  the  slip  is  dried  and  stripped. 

Sintering.  The  green  ferroelectric  ceramics  are  sintered  at  high  temperatures  for 
1  -  10  h  to  achieve  a  high  density,  95  100%  of  the  theoretical.  After  sintering,  the  ceramic 
body  is  built  up  of  closely  packed  grains  with  randomly  distributed  crystallographic 
orientation  and  with  grain  diameters  in  the  1  100  pm  range.  Proper  sintering  is  most 
important  for  the  quality  of  the  final  products  and  is  generally  carried  out  in  electric 
furnaces  for  a  better  control  of  temperature  and  atmosphere.  BuTiO-i-type  materials 
are  normally  sintered  at  1 000- 14 50° C.  Pb(Zr,Ti)0;cbodies  typically  sinter  in  the 
1 150  1500°('  range.  These  latter  ceramics  may  lose  PbO,  which  can  be  prevented  by 
maintaining  a  partial  pressure  of  this  oxide  in  the  ware,  eg,  by  including  pellets  of 
PbZrO:i  in  a  refractory  enclosure  in  which  the  ware  is  fired. 

The  whole  sintering  cycle  (rising,  holding,  cooling  time,  temperature,  atmosphere) 
determines  in  a  rather  complex  wav  the  microstructure  of  the  finished  ceramics  and 
this,  in  turn,  influences  strongly  the  resulting  ferroelectric  properties. 

For  certain  applications  (eg.  electrooptic  and  SAW  (surface  acoustic  wave)  de¬ 
vices)  fully  dense  ceramics  without  residual  pores  are  necessary.  The  usual  way  to 
achieve  such  full  density  is  by  hot  pressing,  which  means  sintering  with  the  application 
of  uniaxial  or  isostatic  pressure  (91  92).  This  can  be  done  by  using  a  high  temperature 
mold  of  refractory  oxides  or  metal  and  a  soiii  ce  of  heat  (resistance  wire  or  induction 
heating).  Problems  usually  arise  from  the  reaction  of  the  powder  to  he  compacted  with 
the  refractory  oxides  or  inetal  of  the  mold.  The  temperature  of  operation  is  typically 
about  10()°C  lower  than  that  required  in  the  absence  of  pressure.  The  pressure  range 
is  typically  about  10  50  MPa  1 100  500  atm). 

Device  Fabrication.  The  geometrical  shape  of  the  sintered  ceramics  corresponds 
in  many  cases  to  the  shape  of  the  final  products  (eg,  disks).  Frequently,  however,  where 
close  dimensional  tolerances  are  required,  the  final  shape  has  to  be  achieved  by  cutting, 
sawing,  and  lapping  with  diamond  tools  that  might  contribute  considerably  to  the 
production  costs  (see  Abrasives). 

Since  the  ferroelectric  ceramics  will  bo  operated  as  electronic  devices,  t bey  have 
to  he  furnished  with  electrically  conductive  electrodes.  A  series  of  different  techniques 
for  the  application  of  the  electrodes  are  used,  all  ot  them  having  their  own  special  merits 
and  drawbacks:  (/)  screening  techniques  such  as  forming  a  layer  of  metallic  silver 
(applied  in  di-  .persed  liquid  or  paste  form  and  sintered  at  about  H(!0°C  to  give  a  con¬ 
tinuous  conductive  layer  intimately  bonded  to  the  ceramic  surface);  (2)  vacuum 
evaporation  of  gold  or  copper  (si  e  Film  deposit  ion  techniques);  (5)  applicat  ion  nl  el¬ 
ectroless  nickel  or  gold  plating  (see  Fleet roless  plating).  If  necessary,  leads  are  soldered 
or  clamped  to  the  electrodes  (see  also  Fleet rical  connectors). 
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After  electroding,  many  devices  have  to  be  adjusted  to  their  proper  electrical 
specifications.  This  may  be  done  (eg,  in  ceramic  capacitors)  by  sandblasting  part  of 
the  electrodes  to  adjust  to  the  proper  capacitance  value  or  by  reducing  the  geometrical 
shape  of  an  electromechanical  resonator  to  achieve  the  proper  resonance  fre¬ 
quency. 

The  last  step  in  the  device  fabrication  is  encapsulation  (eg,  dipping  a  ceramic 
capacitor  in  an  organic  paste)  to  protect  the  device  against  moisture,  dust,  or  me¬ 
chanical  damage  and  to  prevent  electrical  breakdown  (see  Microencapsulation). 


Economic  Aspects 


Table  2  shows  the  estimated  world  production  in  pieces  per  year  and  world 
turnover  in  dollars  per  year  of  ferroelectric  ceramics  lor  1978.  The  trend  is  increasing 
production  for  all  three  types  of  applications. 

The  prices  of  the  different  devices  are  highly  variable  and  range  from  the  1  cent 
region  for  a  simple  disk  or  miniature  chip  capacitor  up  near  the  1  dollar  region  for 
encapsulated  large-capacitance  multilayer  capacitors,  PTC  degaussing  units,  or  large 
piezoceramic  rings  for  ultrasound  generation. 

The  overall  price  of  a  device  depends  on  the  cost  of  the  different  production  steps: 
raw  materials,  powder  preparation,  preparation  of  ceramic  specimens,  and  device 
fabrication.  Because  of  the  very  different  qualities  of  the  finished  products,  it  is  im¬ 
possible  to  give  exact  figures  for  the  price  fraction  of  the  different  production  steps. 
It  is,  however,  obvious  that  the  larger  the  amount  of  ceramic  material  in  a  ferroelectric 
device,  the  higher  the  price  fraction  of  the  first  production  steps,  and  the  lower  the 
amount  of  ceramic  the  higher  the  price  fraction  of  the  last  production  steps.  Therefore, 
only  very  rough  order-of-magnitude  est  imates  of  the  price  fraction  can  be  made  for 
typical  products: 


Production  stage 
raw  materials 
powder  preparation 
specimen  preparation 
device  fabrication 


Fraction  of  total  cost,  % 
0.1-10;  typically  1% 
0.1-10;  typically  2% 
5-50;  typically  20% 
40-90;  typically  75% 


Applications 

Piezoelectric.  Immediately  after  sintering,  ferroelectric  ceramics  exhibit  no  pi¬ 
ezoelectric  effect.  To  exploit  the  latent  piezoelectric  properties  of  these  ceramics,  the 
originally  isotropic  spread  of  orientations  of  the  spontaneous  polarization  within  the 


Table  2.  Estimated  World  Production  of  Ferroelectric  Ceramics  for  1978 


Pieccs/y 

10*  $/y 

pie/ocernmics 

50 

all  commie  capacitors 

24  X  10" 

750 

multilayer  rnpnritors 

1.5  X  109 

250 

PTC  ceramics 

150  X  10* 

50 

t 
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various  grains  has  to  hi-  aligned  b_v  a  so  called  j x >1  i i if’  proc  ess,  l’oling  is  uecomplished 
by  applying  a  large  t-li-i-trii.il  Held  thighet  than  the  coercive  Held  F()  at  elevated 
temperatures  (100-  2()o°('  1  and  cool  in;;  to  room  tempera!  lire  wit  h  t  he  field  applied 
By  this  means,  pie/oeieet  ric  response  ilia  ci  ramie  I  inherent  I  v  isotropic)  material  is 
achieved  through  the  reorientabibt  v  ol  l\.  which  is  characteristic  of  a  ferroelect  ric. 

The  piezoelectric  act ivity  induced  by  the  poling  process  is  directly  proportional 
to  the  degree  of  orientation  of  the  grains  w  Inch  come  up  to  the  maximum  attainable 
value  (80  90' i  of  the  single -crystal  value)  for  I’btZr.TiK ).;  materials  with  i  hombohedral 
structure.  For  I’btZr.TiX )  materials  with  tetragonal  structure,  c;i  hrt'lf  orientation 
is  characteristic.  A  large  degree  of  orientation,  F,  high  spontaneous  polarization  l\ 
combined  with  high  remanent  polarization  /’, ,  1\  ~  F-/\,  and  high  dielectric  constant, 
are  the  basic  requirements  tor  maximum  piezoelectric  activity  (93.  91i. 

In  this  respect  Pht'/r.TitO  .  ceramics  have  much  superior  properties  to  the  earlier 
BaTiO  j-bnsed  piezoceramic  materials.  However,  high  piezoelectric  properties  in  the 
Pb(Zr,Ti)0,<  system  (expressed  by  the  electromechanical  coupling  factor  h:  the  square 
of  k  can  be  used  as  a  figure  of  merit)  are  found  only  for  com  posit  ions  near  the  mor- 
photropic  phase  boundary  (.'!8,!).rii  (Fig.  Mi.  The  reason  for  this  is  the  high  dielectric 
constant  el,  and  the  relatively  large  remanent  polarization  Pr  which  are  attainable 
in  this  composition  region. 

Moreover,  I’b(Zr,Ti)0,i  ceramics  show  the  big  advantage  that  their  material  pa¬ 
rameters  can  he  optimized  for  specific  application  by  a  controlled  doping,  and  currently 
only  such  doped  ceramics  are  produced.  There  exists  a  multitude  of  different  doping 
ions  that  can  be  classified  into  three  groups: 

(/ )  Donor  dopants,  eg.  La,  Nb,  Sb,  or  W,  which  are  incorporated  at  a  lattice  site 
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Figure  14.  Planar  coupling  factor  hr.  dielectric  constant  <1,  (measured  with  clectiical  field  Mohr 
poling  direction  and  at  1t>  kHz  hclow  resonance  frequency)  and  remanent  polarization  l\  ol  undojx'd  ceramic 
l*h(Zrf  Ti  i  -  x  )0.i  samples. 
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of  lower  valency  (eg,  La'+  at  l*l>-  *  sites).  These  donor  doping  lead  to  the  so-called 
soft  materials  exhibiting  increased  coupling  factors  (up  to  0.7)  and  dielectric  constants 
(up  to  :(()()())  but  also  increased  electric  al  and  mechanical  losses  (91.00) 

(2)  The  second  group  of  doping  ions  is  formed  by  the  transition  metals,  eg,  Fe, 
Mil,  Ni,  Co,  which  are  incorporated  at  a  lattice  site  of  higher  valency  (eg,  Fe !  1  at  TiH 
sites),  thus  showing  acceptor  character.  These  acceptor  dopants  have  an  effect  just 
opposite  to  the  above  donors.  They  reduce  the  dielectric  constant,  the  coupling  laetor 
and  also  reduce  the  losses  and  improve  the  aging  properties.  Moreover,  they  increase 
the  stability  of  the  ceramics  with  aspect  to  electrical  or  mechanical  depolai  i,  at  inn. 
Therefore,  these  acceptor  dope  d  ceramics  are  called  hard  materials  (91. bti  I  *'()). 

(J)  On  transgressing  the  solubility  limit  of  the  doping  species,  eg,  at  high  con 
cent  rations  of  Mu,  or  if  one  dope-  with  ions  that  barely  dissolve  into  the  pet  ovskite 
lattice,  eg,  Al,  then  a  second  pita  a  is  formed  at  the  grain  boundaries  and  this.  In  mean-, 
ot  space-charge  effects,  also  increase-  the  stability  of  the  ceramics  (1<>1  ItO' 

Piezoelectric  ceramics  (pie/occratnio)  arc  used  as  piezoelectric  devio-'*-  in  a 
multitude  of  composit  ions  and  e  ■  met  r  i<  ,1  .-.I tapes  for  a  large  variety  of  different  ap 
plications  (8, Sb. 101  lit.)). 
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I'lezeceraniic-  a!..<»  have  t=>. ;i- -r  .ippiieal  ions  as  resonators  in  devices  detc  r.nining 
or  limiting;  th<-  operating  frequency  of  elec  in.  al  networks.  Contrary  to  tr.nndm  t  r  nr 
igni!  ic  .n  apple  ait  ions,  resonator'  are  operated  at  low  driving  levels.  ’!  be  pr.  'bleuis  in 
this  areti  i nvolve  low  mechanical  f  »ses  (equivalent  to  high  mechanical  quality  facte  rs) 
and  low  temperature  and  1 1  me  tic 'pc  aide  •nee  'aging)  of  the  rest  inane  e  frequency .  ( >pt  i- 
tnum  properties  arc  obtained  wit  h  Mn doped  1’bTiO  ,  I'hZrOi-eotnplex  perovskite 
(eg,  l,h(Zn|,:;Nbj/,t)(f  c  ceramics  of  tetragonal  e,  rystal  structure). 

The  ceramic  resonators  are  frequently  in  t  he  form  of  bandpass  filters  having  high 
bandwidths  of  up  to  IOC- of  the  central  frequency  and  are  possible  because  of  the  large 
coupling  factors  of  the  materials.  Today  they  are  widely  used  in  large  quantities  in 
the  intermediate  frequency  stage  of  AM  and  FM  radio  receivers  (452  kHz  and  1(1  MHz) 
007). 

The  direct  piezoelectric  effect  is  exploited  in  phonograph  pickup  elements  where 
a  mechanical  force  is  converted  to  an  electrical  charge.  Highest,  conversion  ratios  are 
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obtained  with  donor-doped  soil  materials  showing  high  coupling  factors  an<l  high 
dielectric  constants.  In  the  same  type  of  materials,  the  inverse  piezoelectric  effect  is 
utilized  for  "actuators”  where  an  electrical  field  is  converted  into  a  change  of  the 
geometrical  dimensions  (HI. 

Dielectrics.  Owing  to  their  ferroelectric  nature,  HaTiO.i- based  ceramics  show 
high  dielectric  constants  and  therefore  these  materials  are  suited  for  and  widely  used 
in  capacitor  applications.  The  biggest  advantage  of  the  ceramic  capacitor  is  com¬ 
pactness  owing  to  the  high  capacitance  per  unit  volume. 

However,  like  single  crystals  (See  Fig.  f>),  the  dielectric  constant  of  BaTiO.i  ce¬ 
ramics  has  a  strong  temperature  dependence  and  a  pronounced  maximum  at  the  Curie 
point  (Fig.  15).  By  a  partial  substitution  of  Ba  by  Sr  or  Ca  or  of  Ti  by  Zr  or  Sn  (Fig. 
6),  the  Curie  point  can  be  shifted  to  room  temperature,  resulting  in  materials  with  a 
maximum  of  the  dielectric  constant  of  10,000  to  15,000  at  this  temperature  (Fig.  15). 
Unfortunately,  however,  these  simple  materials  suffer  from  high  dielectric  losses  and 
show  large  temperature  and  field  dependences,  which  worsen  for  high  dielectric  con¬ 
stant  compositions.  These  unfavorable  properties  can  be  suppressed  to  a  certain  degree 
by:  ( 1 )  optimum  doping;  (2)  proper  mixed  crystal  formation;  and  (d)  exact  control  of 
the  microstructure. 

By  doping  with  transition  metal  ions  such  as  Fe  or  Mn,  it  is  possible  to  stabilize 
the  domain  walls  and  to  reduce  the  dielectric  losses  (108).  Besides  a  shift  of  the  Curie 
point  to  desired  temperature  regions,  mixed  crystal  formation  broadens  the  peak  of 
the  dielectric  constant  (Fig.  15),  and  thus  reduces  the  strong  temperature  dependence 
(109-110). 

As  demonstrated  in  Figure  15,  a  change  of  the  microstructure  is  an  important 
means  of  influencing  and  controlling  the  electrical  characteristics  of  a  ferroelectric 
ceramic.  Owing  to  the  difference  in  microstructure,  dielectric  constants  of  about  1500 


Figure  IS.  Tem|>crattirc  of  dependence  tin'  dielectric  constant  of  different  BaTiO.i  liused  ceramics 
for  capacitor  applications.  </»  =  mean  jtrain  diameter. 
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are  found  for  coarse-grained  (mean  grain  diameter  100  pm)  and  of  about  3500  for 
fine-grained  (mean  grain  diameter  1  pm)  ceramic  specimens.  Moreover,  tin*  Curie  peak 
of  fine-grained  specimens  is  broadened  with  respect  to  the  coarse-grained  sample 
(111). 

It  is  quite  likely  that  optimum  improvements  in  the  dielectric  characteristics  can 
be  achieved  by  combining  all  three  effects.  By  adding  relatively  large  amount  '  of  Fe^Oi 
and  ZnO  (112)  to  BaTiO:j  (resulting  in  extremely  fine-grained  doped  ceramic  materials 
and  with  second  phases  finely  dispersed  at  the  grain  boundaries),  the  Curie  peak  can 
be  fully  suppressed  (Fig.  15). 

Extremely  high  dielectric  constants  can  be  obtained  if  the  so-called  intergranular 
layer  capacitors  are  used.  They  consist  of  semiconducting  grains  divided  by  high- 
resistance  barrier  layers  at  each  grain  boundary.  In  that  case  the  electric  field  con¬ 
centrates  in  the  barrier  layers  and  the  true  thickness  of  the  dielectric  consists  only  of 
the  sum  of  these  high-resistance  barrier  layers,  resulting  in  effective  dielectric  constants 
up  to  100,000.  There  are,  however,  large  losses  and  strong  temperature  and  field  de¬ 
pendences  (113-114). 

From  these  various  materials  ceramic  capacitors  are  produced  ranging  from  the 
pF  to  the  pF  region  in  a  multitude  of  geometrical  shapes  and  different  applications 
(83).  The  most  important  are  disk  capacitors,  tube  capacitors,  miniature  chip  capac¬ 
itors,  and  multilayer  capacitors. 

Disk  capacitors  are  generally  produced  by  pressing  the  powder  together  with  some 
binder  in  a  disk-shaped  die.  Depending  on  operating  voltage  and  capacitance  value, 
the  geometrical  shape  of  the  disk  generally  varies  between  0.5  mm  and  4  mm  in 
thicknesses  and  between  4  and  10  mm  in  diameter.  Since  it  is  difficult  to  produce  disk 
capacitors  having  a  thickness  below  0.5  mm,  their  capacitance  values  are  relatively 
low,  but  they  are  suitable  for  large  operating  voltages  (>  250  V).  Screen-printed  silver 
normally  serves  as  electrode  material. 

Tube  capacitors  are  produced  by  extrusion.  The  geometrical  dimensions  range 
from  2  to  4  mm  in  diameter  and  from  8  to  ca  40  mm  in  length.  Normally,  the  electrodes 
are  screen-printed  silver. 

The  advantage  of  miniature  chip  capacitors  is  their  low  thickness  (0. 1-0.3  mm) 
resulting  in  a  high  capacitance  per  surface  area  at  reduced  operating  voltages  (typically 
60  V).  The  thin  ceramic  sheet  of  this  capacitor  type  is  generally  produced  by  rolling 
techniques  from  which  rectangular  chips  are  punched  or  cut  out.  Evaporated  copper 
is  often  used  as  electrodes. 

During  recent  years  the  multilayer  capacitor  has  gained  increasing  importance 
(115).  With  this  capacitor  type,  high  capacitances  per  unit  volume  can  be  achieved 
by  piling  up  several  thin  (20-50  pm)  ceramic  foils.  These  foils  are  produced  by  casting 
techniques.  They  are  provided  with  screened  metal  electrodes  in  the  “green”  unsint¬ 
ered  state,  then  laminated,  pressed,  and  sintered  together  with  the  metal  electrodes 
(Fig.  16).  Because  the  dielectric  materials  require  sintering  temperatures  of  about 
1300°C  and  atmospheres  of  oxygen  or  air  to  attain  good  dielectric  properties,  noble 
metal  electrodes,  mainly  palladium,  have  to  be  used.  The  capacitance  range  of  mul¬ 
tilayer  capacitors  is  100  nF-1  pF. 

Semiconducting — Positive  Temperature  Coefficient  (PTC)  Materials.  By  substituting 
some  0.1 -0.4  mol  %  of  Ba'-’+  ions  by  La3*  ions,  or  Ti,+  ions  by  Slv,+  or  Nb:,+  ions, 
BaTiOa  can  be  transferred  into  an  n-type  semiconductor  with  a  resistivity  of  about 
10  ii -cm  at  room  temperature.  However,  as  shown  in  Fig.  17,  the  resistivity  rises  very 
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Figure  16.  Schematic  representation  of  a  multilayer  capacitor. 


Figure  17.  Temperature  dependence  of  the  resistivity  of  semiconducting  BaTiO.i  and  of  mixed 
crystals  of  (Ba.Sr)TiOa  and  (Ba,Pb)TiO;i  after  doping  with  0.3  mol  %  Sb.  The  arrows  mark  the  Curie  point 
Tc  of  the  respective  compositions. 

rapidly  (up  to  60'V°C)  just  at  the  Curie  point  TV,  thus  forming  a  resistor  material  with 
a  large  positive  temperature  coefficient  (PTC  effect)  (116).  The  range  of  the  P'l'C  effect 
can  be  continuously  shifted  to  the  desired  temperature  region  by  mixed  crystal  for¬ 
mation  (see  Figs.  6  and  17)  ( 1 17). 

This  rather  uncommon  PTC  behavior  is  caused  by  harrier  layers  at  the  grain 
boundaries.  They  originate  from  defects  with  acceptor  character  at  the  grain 
boundaries  which  trap  conduction  electrons  and  thus  form  a  depletion  layer  with  a 
high-resistance  potential  harrier  (118-11)0).  The  height  of  the  potential  harrier  is 
governed  by  the  ferroelectric  properties  of  BaTiOa.  Below  T,.  the  spontaneous  po- 
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larization  l\  compensates  partially  or  fully  for  the  defects  (depending  on  their  con¬ 
centration)  and  removes  the  depletion  layer,  so  that  the  potential  harrier  is  not  fully 
effective,  resulting  in  high  conductivity.  Above  7' .  where  no  spontaneous  polarization 
exists,  the  depletion  layer  and  the  potential  harrier  at  the  grain  boundary  become  lolly 
effective.  The  height  of  the  potential  harrier  is  dependent  on  the  reciprocal  of  the  di¬ 
electric  constant  which,  according  to  the  Curie-Weiss  law,  falls  with  increasing  tem¬ 
perature.  Consequently,  the  potential  barrier  increases  with  rising  temperature  and 
the  resistivity,  owing  to  the  exponential  dependence  of  the  resistivity  on  the  harrier 
height,  increases  by  several  orders  of  magnitude. 

PTC  ceramics  are  normally  produced  in  disks  or  rectangular  bars  which  are 
supplied  with  low-resistance  electrodes  with  or  without  soldered  beam  leads.  The 
devices  are  used  in  a  wide  variety  of  controlling  or  measuring  applications  such  as 
current  limiters,  degaussing  units  in  color  television  sets,  self-controlling  healing  el¬ 
ements,  for  ox  _rload  protection  or  for  temperature  measurement  and  control. 
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